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Abstract 
The understanding of the chemistry of technetium is of vital importance to the 
development of a geological disposal facility (GDF) for the storage of radioactive 
waste in the UK. This has led to the research that has been conducted to produce 
this thesis. As technetium has a highly mobile anionic species, the pertechnetate 
TcO4-, in general it is desirable to reduce this species to a sparingly soluble TcO2 
species.   
 
This thesis includes studies conducted using both Tc(VII) and Tc(IV). Solubility 
studies have been conducted using Tc concentrations of 10-9, 10-10 and 10-11. These 
were conducted using ligands that are likely to be present such as 
Ethylenediaminetriacetic acid (EDTA), Nitrilotriacetic acid (NTA), picolinic acid, Iso-
saccarinic acid (ISA), and an ISA analogue gluconic acid. Ligands were chosen that 
are likely to be present in Low Level Waste (LLW). They would become present in 
the GDF as they can be used in cleaning and decontamination processes. These 
studies were conducted using electrolysis as a reduction technique both before and 
in the presence of, the anthropogenic complexing agents mentioned previously. It 
has been established that when the ligands were added to a technetium solution 
prior to the reduction process taking place there was an apparent inhibition of the full 
reduction of technetium in solution.  
 
Sorption studies of both oxidised and reduced technetium species have been 
conducted and the results have shown that there is apparent sorption of oxidised 
technetium to some of the solids that have been tested as well as sorption  of 
technetium in a reduced oxidation state, Tc(IV). Solids that have been tested have 
been chosen to accommodate a broad sprectrum of solids which may be present in, 
or in close proximity to, a GDF in the UK.  
 
These experiments have been conducted after a review of relavent literature to 
ascertain the level of, if any, work that has been completed using technetium in a 
reduced form for both sorption and solubility studies. The methods that have been 
used involved the development of an electrochemical technique which allowed for 
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the rapid and repeatable reduction of a pertechnetate solution electrochemically 
rather than using a more complicated system involving either tin or iron as a 
reducing agent.  
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1.0 Introduction 
This thesis focuses on the behaviour of technetium in and around a potential 
cementitious Geological Disposal Facility (GDF) for radioactive waste, in particular 
the chemistry of technetium. The major aspects of the research consider the 
interactions of technetium in both oxidised and reduced forms with organic ligands 
which will be present in the GDF as decontamination agents or cellulose degradation 
products, and the sorption behaviour of technetium in both oxidised and reduced 
forms to different materials relevant to radioactive waste disposal.  
The solubility of technetium complexes is of importance since this may increase the 
migration of technetium away from the GDF into the alkaline disturbed zone and 
eventually the far-field. This is a concern due to long half life that technetium 
processes, 2.14 x 105 years. The alkaline disturbed zone (ADZ) will have a pH of 
approximately 10-12 and is located within the geosphere next to the GDF. This 
elevated pH is due to cementitious pore water that will be present in the GDF 
permeating through the cement and host rock of the GDF and migrating in a plume 
within the route of the groundwater. The size and direction of the ADZ will be 
dependent on the interaction of the potassium and sodium permeating through the 
GDF and either blocking or adding the flow of groundwater through the geosphere1.  
The most likely route through which radionuclides stored in the GDF will escape is 
through migration enabled by water movement through the GDF and then beyond. If 
the radionuclide is removed from the GDF then this would be a major issue due to 
the increased risk of irradiation from this particular isotope should it reach the 
geosphere. Technetium will be present in the GDF as the reduced TcO2 solid which 
is insoluble in the conditions of the GDF. If oxygen is present in the GDF, technetium 
is likely to oxidise to the pertechnetate anion due to it’s highly oxygen sensitive 
behaviour. The pertechnetate anion is highly mobile and will be transported through 
the environment at a high rate. The rock that the GDF is placed in will contain 
fissures which will trap various materials including humic acid. Humic acid can act as 
either a transport enhancer enabling the movement of radionuclides through the 
environment or as a “sink” immobilising radionuclides and preventing transport 
through the environment. 
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In order to determine how technetium solubility and sorption is affected several 
different types of experiments have been conducted. Solubility studies using 
anthropogenic ligands have been completed in which the technetium solution was 
either reduced prior to the addition of these ligands or once the ligands had been 
dissolved in solution. These trials were conducted to observe whether there is any 
alteration of the solubility of technetium and therefore a possible increased ability to 
be transported by any groundwater that permeates the repository. This was 
conducted using a variety of ligand concentrations, 0.4, 0.2, 0.15, 0.1, 0.075, 0.05, 
0.025 and 0.01 mol dm-3.  
Sorption studies were conducted using a wide variety of solids with a solids solution 
ratio of 1:200. The solids were chosen to cover a broad spectrum of solids that may 
be found either within, or close proximity to, a GDF. The concentrations of 
technetium-99 used were 10-9, 10-10 and 10-11 mol dm-3. These concentrations were 
used for both Tc(VII) and Tc(IV) sorption studies with an additional Tc-95m spike 
being added in the reduced studies to enable lower limits of detention of any sorption 
which had taken place. 
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1.1 Radioactive Waste Management 
The UK government has is currently investigating a generic model to dispose of 
Intermediate Level Waste (ILW) which is to encase it in stainless steel containers 
which will then be placed in an underground Geological Disposal Facility (GDF) 
which will then be backfilled with Nirex Reference Vault Backfill (NRVB). NRVB is a 
porous cementitious material that has been designed to aid the isolation and 
immobilisation of radionuclides present in the GDF over and above that which would 
be possible by relying on the other barrier materials. It has been developed to be 
both permeable and porous which will allow for the movement of pore water through 
the GDF. This will aid the production of uniform radionuclide concentration 
throughout the GDF and also allowing for different waste forms that maybe present 
in the repository. 
 
Davis et al have compiled a list of the advantages and disadvantages of deep burial 
of nuclear waste2. The advantages that have been highlighted are the increased 
path length into the biosphere of any radionuclides that may become dissolved in the 
groundwater and also increasing the protection of the GDF against weathering and 
erosion. It was also noted that deep burial of waste would eliminate any free oxygen 
which may react with certain wastes and containers and therefore cause some 
constituents of the waste to become mobilised such as technetium in the form of the 
pertechnetate anion (TcO4-). The final advantage that was noted was that for most 
rocks, in particular plutonic rocks, permeability of the rocks decreases with depth.  
 
The disadvantages that were considered are the cost of the exploration of a suitable 
site, development of the chosen site followed by the cost of the monitoring of the site 
after the insertion of the waste. The author of this paper states that the reduction in 
permeability is around three orders of magnitude from surface rocks to a depth of 
100 m. The estimated costs of disposal are $100-200 per m3 for low hazardous 
wastes, a few thousand dollars per cubic metre for very hazardous materials and 
tens of thousands of dollars per cubic metre for high level radioactive waste. It is 
important to have long travel times in the GDF since increased travel times will allow 
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for the decay of the radionuclides present, the decomposition of unstable chemical 
compounds being disposed of, and also allows for the dilution of toxic materials. 
1.2 Geological Disposal Facility (GDF) 
1.2.1 The Engineered Barrier System 
There are three main categories of radioactive waste, these are High Level Waste 
(HLW), Intermediate Level Waste (ILW) and Low Level Waste (LLW). HLW is 
comprised of spent fuel containing small quantities of fissile material which is stored 
in cooling ponds until the material is decayed to a level which is low enough to be 
transferred to vitrified or contained within stainless steel drums and then reclassified 
as ILW. ILW is placed into 500 litre stainless steel drums which are back filled with 
cement before placed in a GDF which is then its self backfilled with cementitious 
material. LLW is currently packaged in steel drums which are then super compacted 
before being placed in containers which are backfilled with cement before being 
placed in an above ground storage facility. My research is centred on the 
intermediate level waste which would be placed in a GDF using the current generic 
model being investigated. The GDF will probably make use of a multi-barrier system 
which will make use physical containment in stainless steel drums or other such 
containment e.g. copper1. If stainless steel drums are used for the containment of 
the waste, the eventual degradation of the steel will create low Eh conditions. This 
will cause any redox-sensitive radionuclides such as technetium, uranium and 
plutonium in the GDF to be reduced and induce the production of immobilised 
complexes of these radionuclides, such as technetium binding to cellulose 
degradation products or ligands used in decontamination such as EDTA. This maybe 
a problem if the solubility of the complex formed is enhanced and thus increasing the 
mobility of the radionuclide which has been complexed by any decontaminant 
present. The second barrier will be the chemical conditioning of the GDF by the 
NRVB. The effect of the cementitious backfill material will be the high surface area 
that is produced during the degradation of the backfill. This will in turn enhance the 
sorption of radionuclides. Warwick et al. have shown that the cement present in the 
GDF will act as a chemical barrier to the transport of radionuclides into the 
environment3. The cement will condition the porewater present in the GDF to high 
pH, at which point the solubility of Tc becomes low whilst at the same time providing 
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a large surface area for the insoluble Tc to bind. The waste containers that will be 
used in the GDF and indeed much of the waste itself, will cause anaerobic conditions 
in the GDF to dominate so, therefore, increasing the likelihood of the Tc being 
reduced to TcO2. The third barrier will be the natural host rock that the GDF will be 
built in. This host rock will be chosen to have a low permeability thus reducing the 
groundwater flow through the GDF. This will mean that the transport of the 
radionuclides will also be reduced. Figure 1.1 shows the containment barriers which 
have been proposed. 
 
Figure 1.1 Containment diagram for the multi barrier system for the GDF1 
1.2.2 The Waste 
The table in appendix one shows a list of the radionuclides that are likely to be 
present in the GDF4. As can be seen, some of the nuclides will be present at high 
levels of activity if the anticipated levels of radionuclide accumulation are reached 
such as Tc99 in the high level waste. As these levels are in the TBq region this is a 
very high level of activity which will take many years to decompose due to the long 
half-life it possesses, 2.14 x 105 years. Assuming that it requires 10 half lives to pass 
for technetium to decay to a safe level then this would mean that the waste would 
have to be safely contained for over 2 million years. 
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1.2.3 Near-Field Chemistry 
The near field is defined as the excavated volume of the GDF which will contain the 
waste canisters as well as the backfilling and sealing materials (see figure 1.1). The 
chemistry of the near field will be dominated by the highly reducing and extremely 
alkaline conditions of the GDF resulting from the presence of the NRVB and steel. 
The chemistry of the NRVB will cause an initial pH of 13.4 in the pore water due to 
the high level of sodium and potassium hydroxides in the cements used to form the 
backfill material. This pH will eventually drop to 12.5 as the groundwater flowing 
through the GDF dissolves the sodium and potassium hydroxides present in the 
GDF and eventually leaching them from the GDF, at which point the chemistry of the 
calcium hydroxide and calcium silicate hydrate will dominate. The high pH, low Eh 
conditions in the GDF will greatly affect the speciation of any technetium that is 
present in the GDF. The reducing conditions of the GDF may cause the reduction of 
technetium to the +4 oxidation state which presents itself as TcO2(am) or TcO(OH)2. 
However, technetium is extremely oxygen sensitive at high pH and is easily oxidised 
to the pertechnetate form TcO4-, which is highly soluble in water and would escape 
from the GDF by dissolving in the groundwater permeating through the GDF, as it is 
poorly sorbing. This can be seen in the Pourbaix diagram below. 
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Vilks et al have researched the characterisation of organics in the Whiteshell 
research area groundwater5. They have stated that an element’s solubility and 
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behaviour, in this case Am, Th and U, may become altered by the pH, redox 
conditions and ionic strength of the solution. These properties can also be altered by 
the complexation of these elements with inorganic anions and organic ligands. If 
these metals are bound to organic ligands then the mobility of the associated 
complexes can increase, however, if the organic ligand forming the complex is 
attached to a solid surface then this can prevent or hinder the movement of 
radionuclides. Since certain actinides such as Pu and U have the potential to be 
harmful due to the long half-life that they possess and are thought to be immobile in 
the geosphere due to their low solubility and strong sorption to solids it is important 
to address any fears that complexation with organics could increase their mobility. 
Organic ligands which complex actinides contain functional groups such as, 
carboxylate, carbonyl, ether, alcohol, phenol and amine. Vercammen et al have 
shown that the complexes of α-isosaccharinic acid which will be formed by the 
alkaline degradation of cellulose in the GDF with radionuclides, in this case Th, may 
increase their overall mobility through the geo- and biosphere6. Wall et al. have also 
studied organic complexants with reduced technetium which indicated in the 
presence of organic oxidants and complexants that the level of technetium 
dissolution increased with time to an equilibrium point. 
 
Wall et al.7 have found that the when reduced technetium is exposed to EDTA and 
humic acid, oxidation of technetium occurs and increases the solubility from ~ 10-8 M 
to 4 x 10-7 M which would be of great importance as these ligands are likely to be 
present in a GDF. 
1.2.4 Far Field Chemistry 
Groundwater permeating through the GDF will inevitably contain some radionuclides, 
though the concentrations of radionuclides will be low. Once groundwater has 
passed through the high pH and low Eh conditions of the GDF have been left the 
species of technetium present may alter dramatically. The major technetium species 
that will be present in groundwater in far field conditions, near neutral pH and Eh 
values which are mildly reducing, will be the pertechnetate TcO4- species. This anion 
is not strongly sorbing too many minerals present in natural soils due to its negative 
charge. The alkaline disturbed zone (ADZ) of the GDF will have a pH above 9 or 10. 
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This difference in pH will alter the chemistry of minerals present in the ADZ. Since 
the groundwater in the ADZ may contain oxygen, the technetium will be in its 
pertechnetate form and the pH will be ~ 10 the surface of the minerals and solids 
present is likely to be deprotonated causing the surface to also become negatively 
charged so making Tc sorption unlikely.  
1.3 Technetium 
99Tc is produced on the kilogram scale since it is a high yield (~6%) fission product 
from nuclear reactors. Technetium has been released into the environment as the 
result of nuclear weapons testing and low- and intermediate level waste disposal and 
will it may be an important component of high level waste when it is finally disposed 
of.  
Technetium was discovered in 1937 by Perrier and Segrè. This was discovery was 
made at Berkeley, California, USA where a molybdenum plate was bombarded with 
deuterons in the cyclotron6. The plate was then taken back to Italy where it was 
analysed by the Segrè group and it was revealed that the plate was radioactive and 
the initial experiments had produced 95mTc and 97mTc by the following reactions:- 
  TcndMo m95439442 ,  dt 61
2
1   
  TcndMo m97439642 ,  dt 91
2
1   
The first weighable amount of technetium was produced in a nuclear reactor by 
irradiating molybdenum powder with neutrons which induced the following reaction:- 
  TcITTcMonMo g
h
m
h
99
0.6
99
67
9998 ,    
This method of technetium production is not very efficient as it only has a yield of ca. 
3.51 x 10-5%. Other methods of production can be seen in the table 1.1. 
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Radionuclide Type of Fission Percentage field of 99Tc (atom %) 
233U Thermal Fission 4.8 
239Pu Thermal Fission 5.9 
239Pu Fast Neutron 5.9 
238U Fast Neutron 6.3 
232Th Fast Neutron 2.7 
 
Table 1.1 Production methods of 99Tc7 
1.3.1 Nuclear Data 
It is known that technetium has 22 isotopes and 9 isomers. An isomer is a 
metastable isotope which does not alter isotope when it decays. The isotopes which 
have been studied in this thesis are 99Tc and 95mTc since these are the isotopes that 
will be used in my research. Table 1.2 follows how these isotopes are produced, 
their half-life and the mode and energy of decay7. 
Nuclide Production Mass (a.m.u.) Half-Life Mode and energy (keV) of Decay 
95mTc 95Mo(p,n) 94.907657 61d ε; β
+ 700; 492; IT; γ 
204; 582; 835; 
 94Mo(p,n)    
 95Mo(d,2n)    
99Tc Fission 98.906254 2.13 x 105 a β-292; 203 
 
Table 1.2. Production and decay routes of the principle isotopes used7. 
Since 99Tc is the isotope that has been produced in significant amounts through the 
nuclear fuel cycle the greater part of work has been completed using this isotope. 
99Tc emits β- particles with energies of 298 keV and 203 keV (298 keV emission is 
the most intense). Below are the decay schemes for 95mTc and 99Tc. 
95mTc → 95Tc  t1/2 = 61 days 
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Figure 1.2 Decay scheme for 95mTc and 99Tc8 
1.3.2 The Chemistry of Technetium 
Property 99Tc 
Atomic number 43 
Number of naturally occurring isotopes 0 
Atomic weight 98.9063 
Electronic configuration [Kr]4d65s1 
Electronegativity 1.9 
Metal Radius (12-coordinate)(pm) 136 
Ionic radius (pm) 
VII 56 
V 60 
IV 64.5 
MP (ºC) 2200 
BP (ºC) 4567 
Hfus(kJ mol-1) 23.8 
Hvap(kJ mol-1) 585 
Density (25ºC) (g cm-3) 11.5 
 
Table 1.3. Table of the chemical properties of 99Tc9 
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The chemical properties of technetium can be seen in table 1.3 above. The ionic 
radii data are for the most commonly observed oxidations states, the pertechnetate 
ion TcO4-, the reduced Tc(IV) ion and also the most commonly observed ion used in 
medicinal complexes. 
 
Eriksen et al. have found that the solubility of TcO2.nH2O increases with increasing 
pH9. TcO2.nH2O will be found in the reducing conditions of the GDF and the mobility 
of Tc(IV) will be dependent on the Tc solubility above the solubility limiting phase, 
TcO2.nH2O, in these conditions. Vilks et al have stated that the solubility of Tc(IV) 
hydrous oxide increases by approximately one order of magnitude per pH unit above 
pH 8.55. The precipitation of TcO2.nH2O is prevented in solution when the ratio [CO3-
]tot/[Tc(IV)]tot > 30. Meyer et al have measured the overall concentration of Tc(IV) 
over TcO2.nH2O and found it to be 1.8 x 10-8 mol dm-3 in a carbonate solution 
concentration of 10-2 mol dm-3 at pH 9.610. It has also been reported that cationic 
forms of Tc(IV) have a strong tendency to hydrolyse and build stable mixed hydroxo-
carbonato complexes10. 
 
Meyer et al. have found that the solubilities of Tc(IV) oxides appeared to reach a 
minimum in the intermediate pH range10. It was also found that the solubilities of 
oxides electrodeposited from basic solutions were generally a factor of 3 or 4 times 
lower than those electrodeposited from acidic solutions. The Tc oxides that were 
formed were hydrated so forming TcO2.nH2O with n = 1.63 ± 0.28. At pH values 
above 2.3 it was found that the mobility of Tc(IV) is approximately 0 which indicates 
an uncharged species. It was also reported by the same group that if the 
concentration of Tc is too high then polymeric or colloidal or both forms of Tc can be 
formed. The Tc(IV) oxides used in these experiments was produced by reduction 
with hydrazine from a solution which contained TcO4- and sand. This caused the 
precipitate which was formed to have a large surface area since the precipitate 
coated the sand. A second procedure was also used to reduce TcO4- which involved 
the electroreduction and precipitate ion of TcO4-. This group found that tetra-phenyl 
chloride dissolved in chloroform removed the TcO4- very efficiently leaving the 
reduced species in solution thus allowing the determination of the relative amounts 
of Tc(IV) and Tc(VII) in solution. They also hypothesised that a negative Tc(OH)5- 
species maybe formed which tends to increase the solubility in basic solutions 
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although this has not been proven. It has also been observed that a dark precipitate 
of Tc(IV) is formed in ammonia pertechnetate if the solution stands for long periods 
of time. 
 
Baston et al. conducted both laboratory and field experiments and found that both 
experiments yielded similar aqueous concentrations of technetium, 1 x 10-8 mol dm-3, 
which corresponds to the concentration measured for hydrated technetium(IV) oxide, 
TcO2.H2O in the solubility studies11. The mean final technetium concentrations above 
the hydrous oxide were in the range of 8 x 10-8 to 4 x 10-7 mol dm-3. The results 
discussed by Eriksen et al. suggest that the solubility of Tc(IV) is dependent on pH, 
and thus attributed to the formation of the anionic species TcO(OH)3- at high pH 
values. This report also shows no evidence that the aqueous concentration of 
technetium is increased to any significant extent by association with colloidal 
material derived from the boom clay itself9. 
 
The results from the studies conducted by Warwick et al. do not correspond to the 
results that were obtained by Eriksen et al as previously mentioned. Although there 
was a solubility increase for Tc(IV) it was not found until a pH of 13.5. The 
explanation for this increase in solubility was due to formation of the anionic 
technetium(IV) species TcO(OH)3-. This means that although the reported pH differs 
in both studies, the reason for the increase in solubility is the same. 
 
Greenfield et al. measured the effect of cement additives on the solubility of 
radionuclides including uranium, plutonium and americium being measured from 
oversaturation12. This method involves adding an excess of the metal in question to 
a small volume of acid before adding to the water of interest. The metal was then 
allowed to precipitate, and alkali added if necessary to adjust the pH of the water. 
However, this method cannot be used for technetium(IV) as it has a low solubility in 
both acid and alkali. Therefore, Greenfield et al prepared technetium(IV) hydrous 
oxide by reducing pertechnetate using zinc in hydrochloric acid followed by 
precipitation with ammonia. The precipitate was then washed and contacted with 
portions of concrete-equilibrated water and then allowed to dissolve. It was found 
that there was a large difference between the two different additives used in these 
studies. 
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1.3.2.1 Redox Behaviour 
Bayliss et al. have found that low redox potentials need to be maintained to prevent 
the oxidation of technetium(IV) to technetium(VII)13 
 
Said et al. have developed a novel method for the determination of the oxidation 
potential of the Tc(VII)/Tc(IV) couple by the reduction of TcO4- using the Fe2+ ion in 
hydrochloric acid14. When TcO4- is reduced it forms TcO2 which is a solid and forms 
a hydrated oxide so the overall compound formed is TcO2.2H2O. It was found that 
the only oxidation species of technetium that is stable in the conditions of the 
pertechnetate reduction experiments is Tc(IV). The reduction of TcO4- by Fe2+ has 
been found to produce Tc(IV)(aq) only. 
 
It has been reported by Lieser et al. that at high pH, no chemical reaction of TcO4- 
occurs15. Also at high pH, the point at which Tc(VII) is reduced to Tc(IV) is shifted 
towards lower redox potentials which can also be seen in Eh – pH diagrams of 
technetium.  
 
The redox behaviour of technetium has also been investigated by Morris et al16. It 
has been found that when technetium is reduced in Fe(III) reducing conditions it 
becomes retained within the sediment solids. However, when the sediments were re-
oxidised it was found that less than 10% of the Tc was remobilised and it was later 
discovered that 15-50% of the Tc bound to the sediments was present as Tc(VII) 
dependant on the oxidant that was used.  
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Figure 1.3 A Pourbaix diagram for technetium 
 
At neutral pH conditions and in oxidative conditions it is more likely that technetium 
will occur as the pertechnetate form. As can be observed from the Pourbaix diagram 
above it becomes more difficult to achieve Tc in a TcO2(s) form at higher pH 
conditions as conditions also need to be made more reducing. Research conducted 
also states that there is little reaction or Tc at high pH due to the dominance of the 
TcO4- form. 
 
1.3.2.1.1 Electrochemical Methods 
Maslennikov et al. have studied the electrochemical reduction of technetium in nitric 
solutions17. They observed that due to the electrochemical behaviour of Tc(VII) ions 
in nitrate solutions, the technetium could be reduced to Tc(IV) or Tc(III) followed by 
the reactions of these reduced Tc ions with nitrate ions and the products of the 
reduction of the nitrate ions such as NO2-, NO and N2O. The studies have suggested 
through both polarographic and cyclic voltammetric methods that NO3- does not 
react with the Tc(VII)/Tc(III) reduction process. During the electrochemical reduction 
process the reactions in equations 1.3 – 1.7 occur: 
  
NO2- generation: 
NO3- + 3H+ + 2 e- → HNO2 + H2O      Equation 1.3 
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NO2- consumption: 
Tc(III) + HNO2 + 3H+ → Tc(IV) + NO↑ + 2H+ + H2O    Equation 1.4 
 
NO2- consumption 
4Tc(III) + 2HNO2 + 4 H+ → Tc (IV) + N2O↑ + 3H2O    Equation 1.5 
 
NO2- regeneration 
2NO + NO3- + H2O + H+ → 3HNO2      Equation 1.6 
 
Tc(III) regeneration 
Tc(IV) + e- → Tc(III)        Equation 1.7 
1.3.2.1.2 Electrodeposition of Technetium 
Maslennikov et al have also observed the electrodeposition of technetium from 
formate solutions at a graphite electrode18. They have found that the direct 
electrolysis of the formic solutions containing Tc does not result in quantitative metal 
recovery from the electrolyte. The reaction in equation 1.8 takes place in the 
electrolyte: 
 
NO3- + 3H+ + 2e- → HNO2 + H2O       Equation 1.8 
 
The HNO2 compound may then oxidise any Tc(III) that may be present in the 
solution and also TcO2 which may have been electrodeposited. The oxidation of 
these ions may then form soluble Tc(V, VII) which would then reduce the 
electrodeposition process yield from solution. The chemical removal of the nitric acid 
using either formic acid or formaldehyde is the most favourable method for the 
preparation of the electrolyte for the electrodeposition of technetium. 
Electrodeposition is an attractive method to the radiochemical industry for isolation of 
some fission products since it does not require the introduction of any additional 
reactants that need to be disposed of at a later date. Another advantage of this 
system is that it is possible to make this system more automated than current 
methods. The rate of electrodeposition was found to increase with the growth of the 
electrode pH which provides high rate of Tc (IV) hydrolysis18. The electrodeposition 
becomes more likely as the graphite cathode potential becomes more negative than 
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-0.725. A two-step process has been proposed for the reduction of Tc(VII) to Tc(IV) 
followed by the hydrolysis of the Tc(IV) species to form TcO2.nH2O. 
 
Mazzocchin et al. have studied the electrochemical behaviour of aqueous TcO4- and 
have studied the behaviour between pH values between -0.5 to 14. It was found that 
the reduction products were TcO2 and Tc2O319. It has been recognised that the 
reduction of the pertechnetate species takes place on platinum electrodes due to a 
chemical step involving adsorbed hydrogen atoms. This group have found that since 
thin films of technetium oxide form on the platinum surface this technique can be 
used to either remove technetium from dilute solutions causing the reduction of 
pertechnetate to TcO2.  
1.3.2.1.3 Chemical Reduction of Technetium 
Galareanu et al. Have investigated ways to reduce technetium (VII) to technetium 
(VI)20. One of the most common ways in which to reduce technetium is the use of 
stannous (II) chloride. The use of stannous chloride is conditioned by several 
contributing factors which are, its chemical deposition caused by the oxidation of tin 
from Sn(II) to Sn(IV), the hydrolysis of Sn(IV), the formation of colloid solution and 
the presence of trace elements. Therefore, the reducing ability of the stannous 
chloride will depend on the purity consequently high concentrations of stannous 
chloride are used. At these levels it becomes dangerous due to its high toxicity. To 
remove these problems this group have looked at the possibility of using hydrazine 
as a reducing agent. The group found that hydrazine only worked at pH 11 where the 
reduction of Tc(VII) was very rapid. It was found that above or below this pH the 
reaction was much slower or did not proceed. As the hydrazine concentration 
increased to above 1.5 x 10-3 mol dm-3 it was observed that a dark precipitate formed 
at the bottom of the vial which was due to the formation of hydrated technetium(IV) 
oxide. It was also noted by this group that if a complexing agent such as EDTA or L-
methionine was present in the reaction vessel then regardless of the hydrazine 
concentration was the reduced technetium was complexed and the precipitate does 
not form. The reduction with hydrazine can go as either a 2 electron or 3 electron 
process. The 2 electron process proceeds as depicted in equations 1.9 and 1.10.:  
  
2Tc(VII) + 4e- → 2Tc(V)         Equation 1.9 
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2TcO2(OH)3 + 4 e- → 2TcO(OH)3 + 2O-      Equation 1.10 
 
The radicals which are subsequently formed react with OH- ions present in solution 
which produces HO2- radicals which are unstable and produce oxygen and hydrogen 
gas evolution.  
 
2OH- + 2O- → 2HO2-       Equation 1.11 
2HO2- → H2 + 2O2        Equation 1.12 
 
Since the technetium (V) that is produced is unstable it then disproportionates in one 
of the following ways. 
 
3Tc(V) → Tc(VII) + 2Tc(IV)      Equation 1.13 
3TcO(OH)3 → TcO2(OH)3 + 2TcO(OH)2 + H2O    Equation 1.14 
 
The three electron process proceeds in the following manner: 
 
4Tc(VII) + 12e- → 4Tc (IV)      Equation 1.15 
4TcO2(OH)3 + 12e- → 4TcO(OH)2 + 4OH- + O-    Equation 1.16 
4OH- + 4O- → 4HO2-       Equation 1.17 
 HO2- → 2H2 + 4O2        Equation 1.18 
 
Wharton et al have shown that TcO4- is reduced to Tc(IV) when it is co-precipitated 
with FeS21. Since Tc does not reform [TcO4-] when it is held in FeS and then 
reoxidised it suggests that its mobility may be dramatically decreased by natural 
anoxic environments and that co-precipitation may be considered as a method to 
reduce technetium in waste discharges. Pertechnetate was not sorbed on to the 
Fe(III) oxide but it was found that Tc(IV) was efficiently removed by these minerals.  
 
Evidence of Tc(V) complexes being formed during reduction is provided by the 
medicinal industry involved with the imagining of organs. Most of these compounds 
appear to have 5–coordinate chemistry with exceptions possessing 6– or 7-
coordinate chemistry. These compounds have been used in the imaging of heart, 
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liver, brain, kidney and bone tissue. The compounds stabilise the unstable oxidation 
states of technetium by donating electrons from the oxygen atoms.  
 
1.3.2.2 Technetium-Organic Complexation Chemistry 
Warwick et al have stated that if oxidised technetium occurs within the GDF as the 
pertechnetate anion TcO4- it could bind with EDTA, NTA or ISA which, during 
reduction, could form water-soluble Tc complexes22. This also offers the possibility 
that the solubility of reduced Tc is increased when bound to these organic 
complexes. In their studies Tc was reduced using Sn(II) in the presence and 
absence of EDTA, NTA, ISA and gluconic acid, an analogue of ISA. The stability 
constants were measured using the solubility product method with involves three 
separate stages23. The first is to age amorphous TcO2 before the second stage 
which involves equilibration with this oxide before finally measuring the supernatant 
activity. When ISA and gluconic acid was added to the solution, the solubility of 
technetium in systems where reduction had taken place in the presence of the 
ligands, was higher than the starting point.  
 
The mean solubility was shown to be 4.63 x 10-10 mol dm-3. This suggests that the Tc 
was completely reduced and that reducing conditions were maintained. It was shown 
that there was no difference in solubilities observed thus suggesting complexes are 
formed with these two ligands regardless of the oxidation state of Tc. The meta-
stable reduced form of Tc degrades to thermodynamically stable TcO2. TcO2 is 
formed through the disproportionation reaction of reduced intermediates. 
 
The chemistry of Tc(V) is dominated by complexes containing TcO3+ which is 
unstable and tends to disproportionate to either TcO2 or TcO4-. TcO3+ can be made 
stable by binding with polyhydric alcohols and 2-hydroxy carboxylates due to 
chelating effects. Oxy ligands cause the TcO group to induce large a large trans 
effect which favours 5-coordinate complexes since the trans position more labile. 
Steric effects cause the Tc atom to become located higher than the other ligands 
present in the complex so causing a square-pyramidal arrangement of the donor 
atoms. 
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Hess et al. have studied the chemistry of technetium in high level waste and in 
particular the role organic complexants play in the waste24. The complexation of 
technetium with organics is important in the role it plays in the redox chemistry of 
technetium and the separation of technetium between the aqueous supernatant and 
the solid sludge of the waste tanks that were studied. If the technetium can be 
effectively removed from the high level waste before the waste is immobilised, then 
the long term consequences of any residual technetium which remains in the waste 
when the sludge is removed can be evaluated. One sample of sludge that was 
analysed by this group was found to be resistant to leaching and washing, this 
suggests that the technetium exists as Tc(IV) and is complexed to organics present 
in the sludge. The most important species of technetium is the pertechnetate anion 
which is formed in the presence of oxygen and the technetium exists as Tc(VII). 
Therefore, since pertechnetate is the most stable and predominant form of 
technetium in oxidising conditions it is the most common form of technetium in the 
aqueous phase. However, studies have indicated that the technetium may be in a 
different form in these tanks. Radiolysis of water at high pH produces both e- radicals 
and O- radicals. The e- reacts with TcO4- and reduces this species to TcO42- and also 
reacts with NO3- and NO2- so consequently the reduction of technetium by e- is 
inhibited in the presence of high NO3- and NO2- concentrations. The e- radicals also 
react with organics present in the tanks and form organic radicals which 
consequently react with the pertechnetate ions and reduce it to TcO2 in the presence 
of high concentrations of NO3- and NO2-. This is due to the organic radicals reacting 
very quickly with TcO4- but very slowly with the NO3- and NO2- ions. 
 
A report by Schroeder et al. shows that the most dominate technetium species 
present in aqueous waste is the anionic pertechnetate (TcO4-)25. Technetium is 
capable of forming covalent bonds with ligands forming Tc oxidation states from –I to 
VII. The production of these lower valence Tc complexes involves reduction of the 
technetium using a reducing agent such as Sn2+ or HSO2-. The reductions were 
undertaken by this group in the presence of complexing agents to prevent the 
formation and precipitation of TcO2. The organic and chelating agents that have 
been identified in the Hanford waste tanks include, EDTA, oxalate, glyconate and 
citric acid there are many ligands capable of stabilising low oxidation forms of 
technetium if it is reduced in the tanks. It has also been determined that high pH 
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produces solvated electrons which are strong reductants. If these electrons reacted 
with technetium it is possible that the technetium could be reduced to V, IV or III 
states and the complexants previously mentioned could then bind with these 
reduced states. Another possible cause of technetium reduction could be the 
chemical degradation of the organic compounds found in the waste tanks. This 
group attempted to prepare complexes that are thought to be formed in the waste 
tanks. These include ethylenediaminetetraacetic acid (EDTA), ethylenediamine-N,N’-
diacetic acid (EDDA), iminodiacetic acid (IDA), nitrilotriacetic acid (NTA), 
diethylenetriaminepentaacetic acid (DTPA), N-(2-hydroxyethyl)ethylene-
diaminetriacetic acid (HEDTA), oxalate, glycolate, citrate and gluconate, 
ethylenediamine (en), diethylenetriamine (detn), triethylenetetraamine (tetn). This 
group found that it was quite difficult to prepare these complexes as the preparations 
were not clean and needed chromatographic separation. Also the pure products 
were usually only soluble in water. Attempts to synthesise the same complexes in 
basic conditions were unsuccessful since the technetium had a strong tendency to 
either decompose to TcO2 or oxidise back to TcO4-.complexes which were isolated 
successfully were found to decompose under high pH conditions. There was, 
however, one notable exception which was the gluconate complex that was formed 
in basic conditions and was found to transform into another complex over time. The 
contention with this finding is that there is no evidence for gluconate being present in 
Hanford waste. Another stable complex in basic conditions is the nitrodo complex, 
however, it has been found that it is difficult to develop a mechanism for the 
formation of these complexes. This group have also noted that polyaminocarboxylate 
technetium complexes form dimeric structures of the following configuration, 
[(L)Tc(μ-O)Tc(L)]n-, when in the (IV) oxidation state. It has been demonstrated that 
the stability of the complexes formed can be improved by increasing the 
concentration of the ligands in solution and addition of a holding reductant which can 
simulate the conditions in the waste tanks. This study has shown that when SnCl2 
reduction of the pertechnetate ion takes place with gluconate and glucoheptonate 
present in the reaction vessel this forms a large group of Tc(V) complexes when in 
dilute alkali solution. 
 
Through working with Hanford waste, Schroeder et al. have ascertained that a large 
portion of the Tc present is not TcO4- and also that the compounds that have been 
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formed are not easily oxidised26. A problem that this group have identified is the 
unknown identity of the compounds that are present in the GDF. The group have 
therefore synthesised and characterised the Tc(III), Tc(IV) and Tc(V) species that 
may have formed in the waste tank conditions. Once it is understood which 
complexes are present in the waste it will allow the removal of these products. The 
complexes are known to form dimeric complexes of the following composition with 
Tc(IV): 
 
[(L)Tc(μ-O)2Tc(L)]n-  
 
The ligands used by this group were as follows: IDA (iminodiacetic acid), EDDA 
(ethylenediamine-N,N-diacetic acid), citrate and glycolate. Each complex that was 
formed was then isolated and recrystallised by using ethanol precipitation from 
water. The complexes that were formed are as follows: 
 
1. Tc – EDDA 
2. Tc - IDA (red product) 
3. Tc – IDA (blue product) 
4. Tc – IDA (red product with holding reductant, excess LDA) 
5. Tc – IDA (blue product with holding reductant HSO3- + excess IDA 
6. Tc – nitrodo IDA 
7. Tc - nitrodo EDDA 
8. Tc – EDDA (with holding reductant + excess EDDA) 
 
The results indicate that the complexes numbered 1, 3, 5 and 8 appear to contain 
Tc(IV), 1, 5 and 8 were found to be stable whilst number 3 decomposed and 
numbers 2 and 4 appear to Tc(V) complexes. The authors also observed that the 
compound that did decompose to form pertechnetate during the three weeks in 
which the experiments were conducted. However, it was also noted that if 
compounds 1, 2 and 3 were at a concentration of 5 x 10-5 mol dm-3 then they 
decomposed to pertechnetate within 24 hours. 
 
Other work regarding the Hanford waste tanks by Shuh et al. stated that the 
gluconate complexes with technetium(IV) would form the most hydrolytically stable27. 
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It was noted that any technetium that is at the surface of the waste will be oxidised 
by any atmospheric complexes that are formed as it diffuses through the pore 
system of the grout. It is proposed that an insoluble technetium material could be the 
basis of a durable technetium waste form. 
 
Anderegg et al. have synthesised a dimeric Tc(IV) complex28. The complex is as 
follows: K4[(C2O4)2Tc(μ-O)Tc(C2O4)2].3H2O. The authors stated that there are two 
useful synthetic ways to reduce Tc(IV), by Sn2+, or by direct ligand substitution at a 
Tc(IV) centre using potent ligands such as polyamino-polycarboxylates. This group 
have also found that hexahalogenotechnetates in the Tc(IV) oxidation state with the 
formula of [TcX6]2- where X = F-, I-, Cl- or Br- are very sensitive to hydrolysis and are 
only stable in acidic conditions apart from [TcF6]2- which is very unreactive at room 
temperature and exists between a pH range of 1 – 14. The complexes that this group 
have synthesised have been found to be so stable they resist temperature and long 
reaction times. 
 
Other compounds of a similar structure have been synthesised by Burgi et al. 
(working in collaboration with Anderegg) and Linder et al. 
 
The Burgi research group prepared the following compound: [(H2EDTA)TcVI(μ-
O)TcVI(H2EDTA)].5H2O29. Linder et al produced the following species: [(TCTA)Tc(μ-
O)Tc(TCTA)]n- where n = 2,330. This group then produced a crystalline structure of 
this species when having a charge of 2- and then binding to barium ions with a 
formula of Ba2[(TCTA)Tc(μ-O)Tc(TCTA)](ClO4).9H2O. 
 
Seifert et al. have studied the complex formation of technetium (IV) with 
aminopolycarboxylic acids and aqueous solutions31. This was done by reducing the 
technetium using tin(II) chloride in aminopolycarboxylic acids and by ligand 
exchange between K2TcBr6 and ligands such as DPTA, EDTA, HEDTA, NTA, IDA 
and EHIDA. Technetium was found to be reduced to a +4 or +3 oxidation state 
depending on the pH and ligand used. It was reported that under the experimental 
conditions used no stable coloured Tc(III) complexes were found. 
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Noll et al have studied the characterisation of Tc(IV)- complexes with 
Diethylenetriaminepentaacetic acid (DEPA) and ethylenediaminetetraacetic acid 
(EDTA) These compounds are used in nuclear medicine with 99mTc as there 
technetium centre32. The infrared spectroscopy adsorption bonds show the N-H 
groups, Tc=O and Tc-O bonds. A Tc – O – Tc bridging vibration was found in the 
brown technetium DTPA chelate complex. 
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Figure 1.6 Tc – DTPA IV 
1.3.3 Management of Technetium in Nuclear Industry 
Nuclear waste produced in nuclear power stations and other nuclear facilities known 
as medium active concentrate (MAC), is currently collected and treated in the 
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enhanced actinide removal plant (EARP). Once the MAC arrives at the EARP, 
sodium hydroxide and a flocculating agent are added to the MAC which causes the 
formation of an insoluble flocculate33. The flocculate is then isolated by ultrafiltration 
before being placed in 5001 steel drums with cement. Technetium present as TcO4-, 
was not previously removed by these flocculating agent and was discharged into the 
Irish Sea. It was thought the Gulf Stream would widely disperse the technetium 
through to the Arctic and Barents Sea. However, it has been found that technetium is 
readily taken up by shellfish and seaweed along the Norwegian coast so it is 
desirable to remove the technetium before discharge to the sea. 
Tetraphenylphosphonium bromide (TPPB) was trialled as a possible removal agent 
for technetium and it was found that most of the technetium present in the flocculate 
was removed and TPPB is now used in the removal of technetium from certain 
waste streams33. 
 
Asanuma et al have been researching a possible new method to be used in nuclear 
fuel reprocessing which involves removing the technetium from non-acidic 
solutions34. This group used ReO4- as an analogue for TcO4- due to their similar 
chemistry. It was found that Re(VII) was removed almost entirely by precipitation 
with tetraphenylphosphonium chloride. A large amount of the sodium that was used 
in the present method was recovered as NaHCO3 by blowing CO2 through the 
alkaline solutions. This can then be recycled and reused in further reprocessing 
cycles. This group are aiming to find a safer method to the PUREX process which 
involves the use of a large amount of organics and also has high production costs 
and produces a large amount of high and low radioactive wastes. 
 
Lukens et al have studied the products resulting from radiolysis of pertechnetate 
species in highly alkaline solutions35. This group have studied the Hanford waste 
tanks which contain nuclear waste. If TcO4- is present in the tanks and is 
subsequently reduced in the absence of any ligands capable of complexation, then 
insoluble TcO2.nH2O is formed. When pertechnetate is placed in alkaline solution 
and undergoes radiolysis a dark coloured precipitate is formed which is likely to be 
TcO2.nH2O with the following structure: 
 
Ricky Hallam 
 46
Tc
O
Tc
O
Tc
O
Tc
O
O
O
Tc
OO
Tc
OO
OH
OH
OH
OH
OH
OH OH
OH
OH
OH
OH
OH
 
Figure 1.7 A diagram of technetium (IV) (hydr)oxide. 
1.4 Technetium Sorption in the Far Field 
Sorption is the chemical binding of a metal or other substance to a surface. In most 
cases of environmental chemistry this process involve the binding of a contaminate 
metal such as actinides and other metals to a mineral, organic ligand or a surface. 
Sorption will be a major contributor to the immobilisation of technetium in the GDF 
due to the high surface area which will be provided by the NRVB present in the GDF. 
TcO4- is not expected to sorb to minerals and rocks present in the GDF due to its 
negative charge and since TcO4- compounds are mostly soluble it is expected that 
the concentrations present will not be limited by solubility. If the Tc present in the 
GDF were to be reduced to a lower valence state then it is possible that species 
maybe produced that are either more highly sorbed or insoluble enough to restrict 
the concentration of technetium present in the groundwater in the vicinity of the 
GDF10. 
 
The interaction of technetium with different minerals is an important consideration 
when assessing the location of, and possible addition to, the GDF. Liu et al have 
studied the diffusion of 99Tc in granite36. They have reported that pertechnetate is 
regarded as both stable and transportable by water in aerobic conditions. They have 
also found technetium accumulates in both plants and animals such as crab, lobster 
and algae in the aquatic environment which would cause problems if the GDF were 
located in close proximity to the coast or alternatively vegetables and other food 
stuffs by being transported from the groundwater in the soil. Granite is one of the 
candidate host rock materials being considered for the location of the GDF to be 
used for the disposal of highly active radiochemical waste.  
 
Um et al. have investigated the sorption and transport behaviour of radionuclides, 
99Tc, 129I, 79Se and 90Sr, in the proposed low-level radioactive waste disposal facility 
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at the Hanford waste site37. Experimental observation has shown that 99Tc has the 
lowest sorption affinity to the Hanford sediment among 99Tc, 129I, 79Se and 90Sr. It 
has also been observed that 99Tc and 129I have the highest mobility in comparison to 
the intermediate and strong retardation of 79Se and 90Sr. It was assumed that TcO4- 
remains in the oxidised form throughout the experiments that this group conducted. It 
has been shown that anionic radionuclides have lower Kd values than that of cationic 
radionuclides especially at high pH where the surface of the sediment becomes 
more negatively charged so causing more electrostatic repulsion.  
 
The reduction and sorption of technetium on granitic bedrock has been studied by 
Allard et al38. Cationic species tend to sorb to silica minerals so therefore sorption of 
technetium is almost negligible on the most rocks and minerals such as granite and 
montmorillonite. The migration rate is expected to be that of the ground water 
velocity. For some minerals such as galena, considerable sorption has been 
reported. This may be due to reduction to the tetravalent state as the galena is 
expected to give slightly reducing conditions in aqueous solutions. Long term 
hazards and doses from technetium based on Kd values calculated from sorption 
experiments in non-reducing aqueous systems may be overestimated. 
1.4.1 Sorption onto Sediments 
Lieser et al have noted that the sorption of TcO4- on to sediments is reversible and 
can be explained by the physical adsorption at the surface of the sediment under 
investigation17. It is explained that as Tc is a fission product from nuclear waste 
reactors, if it is kept with the uranium whilst the uranium is recycled then Tc is 
converted to TcF6 which is then discharged into the air. In summary the fate of 
technetium once it has been removed from the reactor, some has been released to 
the air and sea but the vast majority has gone to storage as high activity waste. They 
have also stated that in aerated aqueous solution, TcO4-, dominates and that this 
species is also easily soluble and that sparingly soluble pertechnetate are not known 
and undergo the following reduction reaction: 
 
TcO4- + 3H2O + 3e- → TcO(OH)2 + 4OH-    Equation 1.20 
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1.4.1.1 Exclusion from Sediment 
Kaplan et al have studied the exclusion of pertechnetate from sediments39. When 
sediments become negatively charged following contact with groundwater, the 
cations present in solution become attracted to the sediment as the anions present in 
the groundwater become repelled. This is known as “anion exclusion” and may 
contribute to an increase in the transportation of anions through the sediments 
surrounding the GDF. This group conducted experiments to ascertain the anion 
exclusion by technetium (as TcO4-) in two different sediments which contained 
smectite. This type of system can be thought of as having two different types water. 
The first is the excluded water which is electrostatically affected by the surface 
double layer and the second is non-excluded water or bulk phase which is not 
affected by the surface double layer. Wildung et al.40 have measured Kd values for 
Tc and have found a strong correlation between the Kd values for technetium and the 
concentration of the organic compounds contained in the soil.  
1.4.2 Sorption to Minerals 
Winkler et al. have shown that there is strong fixation of technetium by pyrite41. The 
reduction was thought to be due to the S2O32- or SO32- ions present in pyrite. This 
effect was shown to occur over a broad Tc concentration range from 10-12 to 10-6 mol 
dm-3. Under anaerobic conditions, it is found that TcO2 species is dominant and has 
a very low solubility. Early experiments by this group have shown that Jurassic rocks 
have caused strong restriction in the mobility of technetium even in oxic conditions. 
The same has also been found for Aeolian sands. 
 
Zhang et al. have studied the sorption of pertechnetate ions onto boehmite42. 
Negatively charged soils rarely attract and slow down the transport of pertechnetate 
ions since TcO4- ions have a relatively large ionic radii and small negative charge 
density. Also, since TcO4- does not form any insoluble solids, the transport of 
technetium in the environment cannot be slowed by binding to soil. One possible 
solution to this problem is the complexation of pertechnetate with organic 
complexants which reduce TcO4- to TcO2. The tanks that were studied have been 
found to contain both high concentrations of nitrates and ferrous ions which would 
suggest that oxidising conditions exist in the tanks. This, therefore, suggests that the 
organic compounds are sorbing the technetium rather than reducing it. For these 
Ricky Hallam 
 49
studies the perrhenate ion, ReO4-, was used as an analogue of TcO4- and was tested 
on highly crystalline boehmite [AlO(OH)] or on amorphous aluminium oxyhydroxide. 
It was found that there was technetium uptake onto both sorbents so it is suggested 
that these minerals are added to the GDF to remove technetium from the bulk waste.  
Kohličkova et al.43 have studied the effect of pH and Eh on the sorption of 134Cs, 
85Sr, 125I and 99Tc on. naturally occurring bentonites from three mines in Bohemia 
which were Horznĕtín, Stánce and Rokle. Bentonites have very good buffering 
properties which some having a pH range of 5.5 to 10 down to a pH range of 7.5 – 
7.7. It was found that sorption of 99Tc and 125I led to low Kd values due to the 
presence of the radionuclides in the anionic forms.  
Baston et al. have studied the sorption of technetium on bentonite, tuff and 
granodiorite in seawater and de-ionised water in both strongly reducing and non-
reducing conditions44. Under strongly reducing conditions the sorption of technetium 
onto bentonite has Rd values in the range 6.9 x 103 – 1 x 104 cm3 g-1. For de-ionised 
water, sorption was slightly less strong than in the case of seawater. Under non-
reducing conditions sorption was less strong. Under strongly reducing conditions 
sorption was observed in both seawater and de-ionised water. In strongly-reducing 
conditions the Rd values for seawater were observed to range between 2.4 x 104 – 
3.7 x 105 cm3 g-1 and for de-ionised water the Rd values were found to range from 
1.1 x 104 – 2.9 x 104 cm3 g-1. It was found that the sorption onto tuff was very weak 
under non-reducing conditions with Rd values which did not exceed 4.9 cm3 g-1. In 
trials for the sorption onto granodiorite under strongly reducing conditions in both 
equilibrated seawater and de-ionised water, the Rd value for seawater ranged from 
1.9 x 104 – 2.0 x 105 cm3 g-1 and the Rd values for de-ionised water were found to be 
between 2.8 x 104 to 1.8 x 105 cm3 g-1. Sorption was found to be weak under non-
reducing conditions with Rd values not exceeding 70 cm3 g-1. Under strongly 
reducing conditions the technetium species formed is thought to be TcO(OH)2 and 
TcO4- under non-reducing conditions. It was found that Rd values for sorption of 
technetium onto bentonite illustrates that sorption decreases as the pH of the 
solution increases under both non-reducing and reducing conditions. This trend in Rd 
values is mostly to be due to sorption onto Fe-OH2+ which gradually forms FeOH and 
FeO-. This group found that sorption of technetium onto bentonite, tuff or granodiorite 
is strong under strongly reducing conditions but weak under non-reducing conditions.  
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Vinsova et al. have studied the sorption characteristics of 99Tc onto bentonite 
material with different additives under anaerobic conditions45. Under reducing 
conditions Tc(IV) is found to be the dominant species. At a pH range of 3-9 the 
predominant species is either TcO(OH)2 or TcO2.nH2O. Due to the low solubility of 
TcO2.nH2O and high sorption ratios of Tc(IV) is immobile in most groundwaters and 
is not expected to be transported in significant amounts. It has been shown that any 
alteration in the speciation of technetium will cause important changes in its mobility. 
It has been suggested that the presence of sulphide may immobilise dissolved TcO4- 
due to the formation of Tc2S7 and that it will also be reduced by Fe(II) in the local 
environment. The removal of technetium by iron is due to the reduction of Tc(VII) to 
Tc(IV) which is relatively immobile. The reduced species is sorbed onto (hydr)oxide 
surfaces which is then co-precipitated with iron (hydr)oxides onto the surfaces 
present. The technetium (VII) may be reduced to Tc(IV) through an oxidation-
reduction reaction with the canister or engineered steel within which the waste will be 
stored. The pertechnetate has been found to be adsorbed onto the activated carbon. 
Sorption experiments appear to be more interesting on bentonite mixtures with Fe, 
FeS and activated carbon. This group found that adding different amounts of 
magnetite to the bentonite mixtures did not have an influence on the uptake of the 
pertechnetate anion. The immobilisation of technetium onto background material has 
been found to be affected by the addition of suitable additives which causes 
retention in the GDF. Retention occurs due to two different mechanisms which are 
the formation of an insoluble form of technetium such as TcO2.nH2O which is 
dominant in the presence of reducing additives, and then physical sorption onto the 
additive itself. In systems containing FeS or Fe the complete reduction of technetium 
was found to be complete after six hours of contact. It has been found to be very 
difficult to reproduce the expected conditions of the GDF in the laboratory. It has 
been assumed that the conditions of the GDF will be anaerobic so technetium will 
exist in the (IV) oxidation state and that any Tc(VII) present will be highly mobile in 
the GDF. 
 
The sorption of technetium from natural waters by stibnite has been studied by 
Peretroukhine et al.46. It has been shown by batch experiments that sorption by 
powdered stibnite is complete in both aerobic and anaerobic conditions. It was 
shown that the sorption rate was faster in the absence rather than the presence of 
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oxygen. When the temperature was increased from 30ºC to 60ºC it was found that 
the sorption rate increased 9.1 and 27 times for aerobic and anaerobic conditions 
respectively. This can be explained by the interaction of oxygen with sulphide ion in 
aerobic conditions and by the reduction of Tc(VII) by Fe(II) plus other impurities in 
natural waters by the subsequent sorption of Tc(IV) on stibnite under anaerobic 
conditions. The formation of a thin technetium layer, most likely Tc2S7, with a 
thickness of 1-3 µg Tc cm-3 at pH 3 – 6 and 4 – 12 μg Tc cm-3 at pH 9 – 12. The 
simultaneous formation of stibnite colloids with adsorbed technetium occurs at pH 9 
– 12. Technetium occurs as the pertechnetate ion, in oxygenated water and is 
weakly sorbed by the majority of rocks and minerals. Stibnite and other such sulphur 
containing minerals are known to be good (VII) sorbents in natural waters. It is 
therefore proposed that that stibnite and pirrhontite are used as backfill materials for 
a nuclear waste GDF. The rate of sorption is appreciably different for aerobic 
conditions and anaerobic conditions. The presence of dissolved oxygen decreases 
the Tc sorption rate on stibnite from both simulated and natural waters as dissolved 
oxygen decreases the concentration of sulphides. The thickness of the technetium 
layer is weakly dependant on the initial Tc(VII) concentration but strongly dependant 
on the pH of the solution. The differences in sorption kinetics are explained by the 
interaction of oxygen with sulphide ions and the reduction of Tc(VII) by any Fe(II) 
that is present in solution as well as other impurities and minerals in the natural 
minerals under aerobic conditions. Tc2S7, TcO2.nH2O and TcS2 are formed under 
aerobic conditions and Tc2S7 is formed under aerobic conditions.  
 
Shen et al. have been studied the sorption of radioactive technetium on pyrrhotine47. 
Technetium is released into groundwater as pertechnetate which is not expected to 
sorb significantly to any minerals and rocks that it may come into contact due to its 
negative charge. The chemistry of technetium predicts that a form of Tc(IV) oxide will 
be produced and that in the environment interactions with minerals containing Fe 
and S are expected. This group selected pirrhontite as a host mineral to study 
sorption and desorption of technetium under oxidative and reductive conditions. 
Anaerobic conditions were achieved by conducting the experiments in a nitrogen 
filed glove box and f the samples analysed using liquid scintillation counting. Stability 
of Tc(IV) increases with acidity of solutions which is expected to prevent oxidation 
although as the concentration of sulphuric acid increases the solubility as it is 
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expected to accelerate the dissolution of sorbed TcO2. On the addition of H2O2 99% 
of the technetium was released in two hours due to the TcO2 being oxidised by the 
hydrogen peroxide to form the pertechnetate. Technetium sorbed on the mineral 
could be desorbed by dilute H2SO4 under both aerobic and anaerobic conditions 
although the desorption ratio under aerobic conditions than for anaerobic conditions. 
1.4.3  Soils 
1.4.3.1 Technetium Sorption onto Soils 
Tagami et al. have studied the effect of water logging soils with 0.05 mol dm-3 CaCl2 
solution and found that the percentage of technetium that was removed gradually 
decreased from 0.85 to 0.25%48. This was due to TcO4- which was present in the soil 
being transformed into another insoluble form and adsorbed on to the soil 
compounds. In aerobic conditions pertechnetate is either leached to a deeper soil 
layer or alternatively taken up by plants through their roots. It was assumed by this 
group that TcO4- would be easily reacted with to insoluble forms in anaerobic 
conditions. The group studied this chemistry in paddy fields which are not always 
water logged and it is unclear as to whether or not Tc would re-oxidise as the field is 
air-dried. After initial reduction of TcO4- to TcO2 a good stabilisation can be brought 
about by organic matter present in the soil. Technetium in the soil was found to be 
less available as time elapsed since the technetium species formed was less likely to 
be re-oxidised so would suggest that technetium is accumulating in the soil. These 
studies support this group’s theory that global fallout of technetium has been shown 
to be accumulating in paddy field soils.  
 
Tkáč et al. have investigated the sorption of Tc(IV) and Tc(VII) on soils and the 
interaction of humic acids in this process49. It has been found that the microflora 
present in soils can reduce pertechnetate present in the soil to Tc(IV) which is then 
immobilised. When this occurs in the presence of humic substances in reducing 
conditions then Tc-humic complexes are formed. The gross amount of technetium 
which is extracted by soil is characterised by the extraction ratio Rex which is defined 
by equation 1.21: 
 
 wooex nnnR  /100         Equation 1.21 
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Where nw is the counting rate of the aqueous phase and no the counting rate of 
organic phase. It was concluded that the sorption of pertechnetate when in the 
presence of sodium humate is generally lower than that from pure water and 
depends on the depth of origin of the ground. It was found that about 99% of 
reduced technetium is adsorbed by the soils under investigation. 
1.4.3.2 Technetium Sorption onto Soil Minerals 
Koch-Steindl et al. have been investigating the considerations on the behaviour of 
the long-lived radionuclides such as 36Cl, 79Se, 129I, 99Tc, 237Np and 238U in soil50. The 
most important minerals for the sorption of radionuclides are smectite, illite, 
vermiculite, chlorite, allophone and imogolite as well as the oxides and hydroxides of 
silica, aluminium, iron and manganese. Adsorption of radionuclides is due to charge 
at the surface of these soil constituents and the three dimensional structure of the 
adsorbing mineral. Soils which contain a high concentration of vermiculite, illite, 
smectite or clay within the clay fraction of the soil adsorbs large amounts of cations 
due to the natural negative charge of these minerals. Anions such as pertechnetate 
TcO4- will be adsorbed by aluminium and iron oxides at pH values of 8-9 which is 
below the point of zero charge. Low molecular weight water soluble compounds such 
as polyphenol, carbon acids, fulvic acids and polysaccharides form mobile 
complexes whereas higher molecular mass compounds such as humic acids form 
complexes with lower mobility. Technetium is found with oxidation states of 0, +2, 
+3, +4 and +7 with +4 and +7 being the most important states in soil. These 
oxidation states are controlled by the redox potential of the soil conditions. 
Pertechnetate, TcO4-, is stable in aerated soil and behaves similarly to anions due to 
its negative charge. Migration experiments have shown little or no sorption to soil, 
however, it is possible that the technetium accumulates in soil horizons with reducing 
conditions such as those found in clay soils which form in wetland conditions where 
oxygen supply is restricted. It has been observed that increasing the acidity of the 
soil causes low molecular weight organic acids, for example, fulvic acids to be 
formed which will than act as complexing agents. The chemical form of the 
radionuclides in soil is mainly controlled by the interaction of redox potential, the pH 
of the soil, the content and composition of the organic matter that is present in the 
soil and the sorption of the radionuclides to mineral soil constituents. 
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1.4.3.3 Bioavailability in Soil 
Tagami et al. have investigated the bioavailability of technetium in Japanese 
agricultural soils which are routinely waterlogged inducing anaerobic conditions51. 
The degree of nuclide association with soil components depends strongly on soil pH, 
redox conditions, extent of the organic degradation and the grain size distribution. In 
aqueous solutions most metals take the cation form, however, technetium does not. 
In the soil substrate layer the technetium is thought to have high mobility due to the 
TcO4- pertechnetate ion formation. Strongly sorbed technetium is not generally 
unavailable to plants since it is not essential for plant growth. This group have 
concluded that the amount of available technetium was reduced due to the reduction 
of technetium to lower oxidation states such as Tc(IV)O2, Tc(IV)O(OH)2 or Tc(IV)S2. 
Since the technetium is reduced to less mobile forms this means that there is less 
technetium uptake by plants from groundwater. 
1.4.4  Clays 
1.4.4.1 Diffusion through Clay 
Oscarson et al. have studied the diffusive transport of technetium through 
compacted mixtures of clay and crushed granite52. This group found that the 
apparent diffusion coefficients decreased as the particle size of the compacted plug 
decreased. This trend was due to the increase in the amount of reduction of Tc(VII) 
to Tc(IV). This Tc(IV) then binds to the iron(III) oxyhydroxide minerals in granite so 
causing the reduced migration times. There was found to be no reduction and 
sorption of technetium in the batch experiments as there was too much oxygen 
present in the loose suspensions. The technetium was likely to be reduced at the 
surface of Fe(II)-containing minerals within the granite and both magnetite and biotite 
which are iron containing minerals were found in the granite used. 
1.4.4.2 Sorption to Clay 
Maes et al. have studied the quantification of the interaction of the Tc with dissolved 
Boom clay humic substances and have found that the concentration of Tc(IV) in 
solution was found to range from 2 x 10-9 to 2 x 10-6 mol dm-3 which is both higher 
and lower than the expected values for Tc(IV) solubility53. This indicates that the 
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sorption rather than the solubility is responsible for controlling the Tc(IV) 
concentration in solution. 
1.4.4.3 Organic Compounds in Clay 
Vilks et al. also studied the release of the organic complexants from clay based 
buffer materials which may affect the transportation of radionuclides54. Organic 
substances which bind with radionuclides could affect the mobility and due to the 
effects of redox and complexation which in turn can increase the solubility. Organics 
which have become leached from clays are also likely to increase microbial growth 
by several orders of magnitude. It was also reported that heating and irradiation of 
the clays may alter the amount and type of organic which is leached. Radionuclide 
mobility is determined by the interaction of dissolved contaminants with immobile 
rock surfaces which in turn is controlled by the solubility and sorption reactions of the 
contaminants themselves. Elemental solubility and sorption may also be affected by 
the same variables as the organic leachates. It was found that mobility of the 
radionuclide decreased if the organics to which it was complexed then binds to 
immobile minerals. However, concerns have been expressed that other organics 
may become introduced to the GDF from the emplacement of the waste and 
engineered barrier. A significant part of the organic carbon found in sedimentary clay 
deposits is likely to be comprised of humic and fulvic substances which are known to 
be radionuclide complexants. Heating of clay suspensions to 70ºC was found to 
increase the amount of leached organic material. It appears from these studies that 
aromatic hydrocarbons appear more stable than aliphatic hydrocarbon when in the 
presence of ionising radiation. The leachates from buffer solutions exposed to both 
heat and radiation contained virtually no humic acid. This implies that either the 
humic acids present in the clay samples have been made more resistant to leaching 
or the leachable fraction of humic substances has been converted of fulvic acid 
through radiation. 
1.4.5  Technetium Binding to Humic Substances 
Maes et al. have investigated the interaction of Tc colloids with humic substances by 
X-ray absorption spectroscopy55. In the presence of reducing solid which is able to 
donate electrons to pertechnetate which can then be reduced to lower oxidation 
states to produce a surface precipitate TcO2.nH2O which has a low solubility. It has 
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been proven that Tc(IV) species are formed and are associated with mobile humic 
substances. It is, however, unknown which chemical mechanisms govern the 
reduction of Tc(VII) to Tc(IV) when technetium is introduced to the environmentally 
reducing conditions in the presence of humic substances. Pertechnetate reduction is 
known to be kinetically controlled and times vary depending upon conditions. In the 
absence of humic substances TcO4- is reduced to Tc(IV) which then forms hydrated 
TcO2.nH2O in the presence of magnetite or pyrite. In the presence of humic acid 
enhanced solubility of Tc(IV) is possibly due to formation of Tc(IV)-humic substance 
species. Nevertheless, in the presence of humic acid the kinetics of TcO2.nH2O 
formation on solid pyrite or magnetite phases slows. There is a tendency that with 
increasing amounts of Tc(IV) associated with HA there is a longer hydrated 
TcO2.nH2O polymers which is opening new ideas to the possible pathways of metals 
and radionuclides in humic rich conditions. 
 
Wolfrum et al. have studied the sorption and desorption of technetium by humic 
substances under both oxic and anoxic conditions56. It has been shown that in acidic 
medium, under a nitrogen atmosphere all types of humic acid, either from the soil or 
synthetic, have reductive properties.  
 
Humic acid – Tc complexes have been reported in literature and have high stability 
constants but as these have not been accurately defined, Leiser et al.15 focused on 
the interaction EDTA with Tc. In the pH range of TcO4- stability EDTA will not bind 
with Tc. At slightly lower redox potentials the reduction of Tc(VII) to Tc(IV) is retarded 
due to the complexation of intermediate species of Tc with EDTA so stabilising Tc(V) 
species by complexation. This group have also looked at the degradation of pyrite in 
the GDF and have shown that there may be a slight decrease in pH due to the 
following reaction:  
 
2FeS2 + 7H2O + 7.5O2 → 2Fe(OH)3 + 4H2SO4     Equation 1.22 
 
It has also been shown that if small quantities of Fe(II) are given off to the 
surrounding solution, these ions are easily oxidised under given conditions. 
However, if oxygen is excluded when magnetite is present, this mineral as well as 
that of pyrite will lead to a slow decrease in the redox potential. This is since any 
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residual oxygen is used up by the formation of Fe(OH)3 which is sparingly soluble so 
the concentration of Fe2+ increases. 
1.5 Technetium in Natural Waters 
1.5.1  Migration through water 
The geochemical behaviour of 99Tc in the Oklo natural fission reactor has been 
investigated by Hidaka et al.57. They have reported that technetium has no stable 
isotopes and primordial technetium has not been detected in nature except in an 
astronomical study. This group have found that both ruthenium and technetium form 
oxides which are soluble in water with the following structures ReO2 and Tc2O7 
respectively in oxidising conditions. These compounds migrate more easily than the 
other species but only in the presence of oxygen to enable the formation of soluble 
compounds. Fissiogenic technetium and ruthenium migrated into sulphur rich 
minerals such as PbS during their transportation through the natural reactor that was 
studied. 
1.5.2  Complexation to Humic Acids in Natural Waters 
Sekine et al. have found that 99Tc is easily mobile in an aerobic aquifer system in its 
pertechnetate form58. The migration behaviour of the metal ions in solution can be 
affected by organic substances such as humic and fulvic acid. Other groups have 
studied the complexation of technetium with humic acids and have determined that 
complexes form under reducing conditions. It was found that almost no significant 
change in the UV spectrum was observed for storage under aerobic conditions which 
suggests that contact with humic acid did not influence technetium species under 
these conditions. Addition of Sn2+ to the solution of pertechnetate and humic acid 
caused a blackish blue precipitate to form. At high humic acid concentrations found 
that the majority of technetium was contained in the supernatant again, even though 
initially a Tc-HA complex was formed on the addition of Sn2+. It was possible to re-
dissolve the precipitate that was formed by raising the pH of the solution. It was also 
noted that if humic acid is present in solutions containing technetium, this caused the 
technetium to deposit when placed under anaerobic conditions.  
 
Ricky Hallam 
 58
Byegård et al. have found that in aerated water Tc will exist as soluble TcO4-, 
however, in water with a low redox potential the tetravalent form will dominant59. 
Therefore, if the GDF conditions are reducing then no reactions with TcO4- will occur 
but it is suggested that TcO2 may become oxidised to the pertechnetate form in high 
salinity oxygen free solutions due to radiolytic effects. Hence, it is important to 
determine the rate and mechanisms of the reduction of Tc(VII) to Tc(IV) in natural 
groundwater important. Laboratory experiments have shown that 95% of the 
technetium was sorbed with 48 hours in the samples which contained both synthetic 
groundwater and Fe2+. However, low sorption was observed for samples which 
contained natural groundwater or synthetic groundwater which did not contain Fe2+. 
This indicates that reduction and sorption of Tc(VII) is more favourable in the 
presence of Fe2+. Any sorption of TcO4- which is observed in natural groundwater is 
caused by reduction and cannot be explained by co-precipitation of TcO4- with 
Fe(III)- hydroxides or the reversible sorption of TcO4-. 
1.5.3  Technetium in the Marine Environment 
1.5.3.1 Uptake by Seaweed 
Lindahl et al. have undertaken a long term study of 99Tc in the marine environment 
as a result of discharges from nuclear fuel reprocessing plants. These discharges 
arise mostly from reprocessing of Magnox fuels and stored waste. The technetium 
that is present in the marine environment is most likely to exist as the pertechnetate 
ion which is both highly soluble and has a low affinity to sorb onto any particulate 
matter present. Any technetium present on the Swedish coast travels from Sellafield 
on currents around Scotland which then mixes with low salinity water from the Baltic 
Sea. It is estimated that the liquid discharges of 99Tc increased from 2 – 6 TBq a-1 in 
1981 – 1993 to 190 TBq a-1 in 1995. Since these increases in discharge from 
Sellafield technetium has been observed in brown seaweeds on the Swedish west 
coast up to 4 – 5 years later. 
1.5.3.2 Sorption to Coastal Sediments 
An investigation into technetium binding in sediments has been conducted by Keith-
Roach et al.61. Coastal environments which contain reducing waters, sediments or 
both are potential sinks for 99Tc which has been discharged into the sea. Technetium 
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carbonates are largely soluble and is the first observation of Tc association with 
carbonate fractions in the natural environment. Three other sites that were tested 
have shown that organic matter and reducing conditions are very important for the 
binding and subsequent retention of technetium in sediments. During 1994, the 
discharges of technetium from Sellafield increased significantly. Since technetium 
exists in the pertechnetate form in oxic waters this results in the transport of 
technetium hundreds of kilometres away from Sellafield northwards towards the 
arctic. When technetium is reduced to a 4+ oxidation state it has been found to form 
strong complexes with Fe and Al oxides, organic matter and sulphides which are 
much less soluble. This therefore indicates that reduction of technetium is very 
important for the prediction of the binding and fate of 99Tc. Organic matter content 
has been linked with technetium in uptake in soils and has also been found not to re-
oxidise when exposed to oxygen when it is in a reducing environment. If particulate 
discharges from Sellafield are not noteworthy then the uptake of dissolved 
pertechnetate species occurs due to biological reduction. It has been found by this 
group that Fjords are better sinks for technetium than estuaries.  
 
Garcìa-Leön et al. have found that it is difficult to ascertain the level of Tc in the 
environment due to the difficulty of Tc measurement62. The paper produced by this 
group describes the different ways that Tc was extracted and then measured in the 
atmosphere, surface water and seaweed samples. In solid samples, Tc is extracted 
using tributylphosphate (TBP) which is then equilibrated using 4.5 mol dm-3 H2SO4 in 
the presence of xylene. Tc was then back-extracted using 2 mol dm-3 NaOH at which 
point the aqueous fraction was then poured into an electrolytic cell containing a 2 cm 
diameter stainless steel disc which acts as the cathode. The technetium was then 
plated from the solution for two hours at 0.35A. If Tc is in the +VII oxidation state 
then it will not coprecipitate with iron hydroxide whereas many other radionuclides 
do. 99Tc in seaweed has been studied for a long period of time as a means of 
determining the levels of technetium in seawater. This group measured levels in the 
Irish Sea which acts as a natural laboratory due to the releases from Sellafield 
nuclear power station. It was shown that the lowest values were on the west coast of 
Ireland, the furthest distance away from Sellafield and the values also decreased to 
the north and south of the east coast of Ireland. The highest value was found at 
Bangor which is the closest test site to Sellafield. 
Ricky Hallam 
 60
 
Morris et al. have investigated the remobilisation of technetium in intertidal salt 
marshes63. The marsh of interest was located in West Cumbria which contains 
enhanced levels of 99Tc originating from the authorized release of low level liquid 
waste from Sellafield reprocessing plant. It has been determined that remobilisation 
of 99Tc is occurring at the marsh alongside other labile elements such as 237Np and 
137Cs. 
1.6 Technetium Binding To Natural Sorbents 
Vinsova et al. have studied the sorption of technetium onto natural sorbents under 
aerobic conditions64. They have stated that there are three stages to the mechanism 
for the immobilisation of fission products. These stages are firstly the solubility 
controlled precipitation of the fission products, followed by adsorption of the fission 
products onto the near field and backfill materials and finally the inclusion as 
impurities into secondary phases which are formed during the corrosion of spent 
fuel. Since the TcO4- pertechnetate ion is highly mobile and must therefore be 
considered one of the long term hazardous compound for the biosphere whereas the 
reduced oxidation state, Tc(IV) in the form of TcO(OH)2 or TcO2.nH2O where n = 1,2 
is sparingly soluble so less mobile. The sorption of technetium of into soil can be 
greatly enhanced by high amounts of organic matter, metal or metal oxides. 
Immobilisation may also be caused by the presence of sulphides reacting with 
dissolved technetium forming Tc2S7. Removal of technetium from soil can also be 
caused by reactions of technetium with iron ions. Firstly by reduction of technetium 
from Tc(VII) to Tc(IV), secondly sorption of the reduced species onto hydr(oxide) 
surfaces and finally the (co-) precipitation of Tc with iron (hydr)oxides onto surfaces. 
Suitable additives to the GDF for the uptake of pertechnetate are activated carbon 
and iron powder. It has been found that the ratio of bentonite to activated carbon is 
10:1 which is then left for 2 days to effect a 90% sorption yield. It has also been 
found that the main mechanism for the uptake of pertechnetate on activated carbon 
and iron is physicosorption. 
 
El-Wear et al. have studied the sorption of technetium on inorganic sorbents and 
natural minerals65. The production of 99Tc over the world totalled 19000 TBq up to 
1990 with an estimated 10% of this being disposed into the environment. The 
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ecological aspects of this disposal are therefore of high importance. However the 
problems associated with this are the determination, volatilisation, solubility, 
measurements and leaching, sorption and the diffusion of technetium. To explain the 
sorption of technetium on sulphuric minerals this group produced Tc2S7 in the 
following reaction: 
 
8H2O + 7Na2S + 2NaTcO4 ↔ Tc2S7 + 16NaOH    Equation 1.23 
 
This product then underwent the following reversible reaction: 
 
Tc2S7 + 8H2O ↔ 2HTcO4 + 7H2S      Equation 1.24 
 
From this the sorption ratio can be calculated using the following equation: 
 
solid
solution
solution
solid
s V
V
A
AR           Equation 1.25 
 
Where Asolid = activity of the dried sorbent 
 Asolution = activity of the supernatant solution 
 Vsolution = volume of the supernatant solution 
 Vsolid = weight of the dried sorbent in grams 
 
The molecular sorption can also be calculated using the following equation  
 
2
21'
C
CC
W
VRs
          Equation 1.26 
V = volume of the solution 
W= weight of the solid material used 
C1 = initial activity per ml of a given radioactive Tc in solution 
C2 = activity per ml for the solution after contact 
 
To calculate the solubility of the Tc2S7 the group used the following equation  
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Cs           Equation 1.27 
 
Cs = solubility of Tc2S7 
Is = activity of Tc in solution 
Io = activity of Tc in standard 
Vs = aliquot volume of Tc solution 
Vo = aliquot volume of Tc solution 
Co = concentration of Tc in solution 
 
v
mCo            Equation 1.28 
 
m = mass of Tc in standard 
v = volume of standard 
 
It was found that technetium binds very strongly at low acidity of HNO3 and could be 
eluted at high acidity of HNO3. Technetium sorption by minerals decreases along the 
following series: sandstone > feldspar   peat > basalt   bauxite   phosphorite > 
pyrite > megrele   kaolin. It has been observed by this group that the Rs values for 
irradiated minerals are nearly two times lower than those for the non-irradiated 
minerals.  
 
Kim et al. have studied the removal of rhenium by sorption onto organic polymers 
using rhenium as an analogue of radioactive technetium66. Tc is soluble as the 
pertechnetate ion in surface and near surface environments. The potential discharge 
of technetium and its migration through the environment is of great importance. It is 
known that technetium does not sorb onto negatively charged layered silicates and 
that retention of technetium in the soil is enhanced by the presence of organic 
material but the sorption of technetium in low amounts of organic is negligible. This 
means that knowledge of technetium behaviour is necessary to immobilise it 
effectively. Ruthenium is used as it is a good analogue of technetium. Chitosan 
shows a strong ability to sorb metal due to its amino and hydroxyl functional groups. 
At low pH the amine groups are protonated so interact with the negatively charged 
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perrhenate anion using electrostatic interactions. Since the sorption of perrhenate 
ions is weak this indicates that sorption only occurs when a large number of amine 
groups are protonated.  
 
Sorption of pertechnetate by salts of molybdophosphoric acid has been studied by 
Suess et al.67. Sorption of pertechnetate can be increased by the addition of K+, 
NH4+, Rb+ and Cs+ salts. Formation of alkali metal pertechnetate associates in the 
sorbent phase is hypothesised. The Kd increases on the addition of the above salts, 
apart from Cs+, in the concentration range of greater than 0.8 to 2 mol dm-3 and the 
KD values decrease once the concentration increases above this value. On the 
addition of Cs+ no maximum is achieved. The addition of Na+, Mg2+, Al3+ and MoO4- 
ions have no influence on the sorption of Tc. These factors both indicate that 
pertechnetate is sorbed in the MTcO4 form, where M = Na+, Mg2+ or Al3+, with the 
stability increasing from the light to heavy alkali ions. If there are no metal ions 
available for MTcO4 formation neutral salts are able to provide one of their three 
cations for the formation of the molecular associates. These cations are set free from 
the sorbents by M+ - H+ ion exchange which enables them to form the equivalent 
associates in the outer phase which increases the H+ concentration and therefore 
increases the acidity of the solution. It can be seen that the KD value for technetium 
sorption decrease at very high concentrations of electrolytes, although HTcO4 
molecules are formed with an increased concentration of nitric acid. 
 
Myasoedova et al have investigated the applications of phosphorous and nitrogen 
containing organic compounds in particular chelating fibre sorbents68. These 
sorbents offer the ability to selectively remove the desired microelement in the 
presence of other elements in solution in macro amount concentrations, for example, 
alkali and alkali earth metals in waste solutions. Therefore, this group have found 
that the POLYORGS that they have studied have been found to be useful for the 
removal of technetium form both acid and alkali solutions. 
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Chapter 2: Experimental Details 
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2.0 Methodologies 
Several different experiments have been conducted to ascertain the level of sorption 
of both Tc(VII) and Tc(IV) and also the solubility of technetium when reduced in the 
presence of organic ligands or reduced before the addition of organic lignads. Tc-99 
only studies were conducted using liquid scintillation as a detection method. 
Detection of Tc-95m, when conducting sorption studies using reduced technetium 
were conducted was completed using gamma spectroscopy. In order to decide 
whether full reduction had taken place in the solutions it was vital to accurately know 
the concentration of technetium in solution, in order to do this a calibration curve was 
produced at the out set of the studies. As part of the investigation, addative 
modelling of sorption to granite has been trialled using JChess speciation codes. As 
such, XRD analysis of granite solids was carried out to determine the percentage 
composition of said solids.  
2.1 Procedure for Liquid Scintillation Counting 
The sample to be counted (2 cm3) was placed into a 20 cm3 scintillation vial and pH 
adjusted to between pH 2 and 10 using dilute HCl (aq) or dilute NaOH (aq) as 
appropriate. Gold Star Scintillation cocktail (10 cm3) was added to the sample and 
which was then mixed on a Labnet VX100 vortex mixer for approximately five 
seconds. The sample was then placed inside the Packard liquid scintillation analyser 
TRI-CARB 2750/LL and allowed to light adjust for one hour prior to analysis of the 
sample. The sample was counted until either 2σ (all counts inside two standard 
deviations of the mean, i.e., the instrument counts for 10 000 counts at which point 
the counting error becomes 1%) was obtained on the counter, or the sample was 
counted for one hour, whichever condition was reached first.  
2.2 Production of Calibration Curve for Response of Counter to 
Different Technetium Concentrations 
An aqueous solution of ammonium pertechnetate was prepared having a TcO4- 
concentration of 5 x 10-5 mol dm-3. Subsequent solutions were prepared by serial 
dilution of 50%, in each solution. This was repeated down to a concentration of 1 x 
10-10 mol dm-3. A sample of each of these solutions (2 cm3) was taken and analysed 
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by liquid scintillation counting and a calibration curve plotted, which is shown in 
section 3. 
2.3 Reduction of Technetium(VII) To Technetium(IV) 
Ammonium pertechnetate (2 cm3, 10kBq)) from a stock solution was placed in a 3 
necked round bottomed flask, de-ionised water was added to give a technetium 
solution. (200 cm3, 7.2 x 10-7 mol dm-3). Sodium hydroxide pellets (2.4 g) were added 
to the Tc solution (0.3 mol dm-3, i.e. pH ≈ 13.3). The solution was then purged for two 
hours with oxygen-free nitrogen to remove dissolved oxygen from the solution. A 
vitreous carbon cathode and a platinum wire anode were placed into the flask as 
electrode in a nitrogen glove box with oxygen content less than 1 ppm. An 
electropotential (6 V) was applied across the solution overnight. The apparatus set 
up can be seen in figure 2.1. To ensure that full reduction had taken place a small 
sample (2 cm3) was taken and analysised to ensure that a maximum solution 
concentration of 1 x 10-9 mol dm-3 had been achieved. 
 
 
Figure 2.1 The electrochemical cell used in the reduction of Tc(VII) to Tc(IV). 
2.4 Solubility Studies on Technetium(IV) Complexes 
Three separate solutions of ammonium pertechnetate were reduced using the 
process described above. Gluconic acid was weighed into a 50 cm3 centrifuge tube 
to produce a concentration of 0.4 mol dm-3 and placed in the glove box, with the lid 
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removed to allow the solid gluconic acid to purge under the nitrogen atmosphere of 
the glove box overnight. A 5 cm3 sample of the reduced technetium solution was 
filtered through a 0.22 m syringe filter with the first 3 cm3 being discarded to waste 
to allow for sorption and saturation of the filter and the remaining 2 cm3 being 
measured using liquid scintillation counting to ascertain the concentration of 
technetium in solution. This was done in triplicate for each reduced solution. The 
solid gluconic acid was added to each of the flasks and left to equilibrate for 24 
hours. A 5 cm3 sample of solution was taken from each trial and filtered through a 
0.22 µm syringe filter with the first 3 cm3 being discarded to waste and the remaining 
2 cm3 being counted by liquid scintillation counting. Again this counting procedure 
was conducted in triplicate for each solution. This process was then repeated with 
gluconic acid concentrations of 0.2, 0.15, 0.1, 0.075, 0.05, 0.025 and 0.01 mol dm-3. 
This process was also performed with picolinic acid, ethylenediaminetetraacetic acid 
(EDTA), Nitrilotriacetic acid (NTA) and α-Isosaccharinic acid (ISA). All experiements 
were conducted in the absence of carbonate. 
 
Figure 2.2 Gluconic acid 
 
Figure 2.3 Picolinic acid 
 
Figure 2.4 Ethylenediaminetetraacetic acid (EDTA) 
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Figure 2.5 NTA 
 
 
Figure 2.6 ISA 
 
2.5 Sorption Studies Using Technetium(VII) 
The ground solid (see table) (<45m, 0.1 g) was weighed into 20 cm3 polypropylene 
vials Technetium(VII) solution (7.2 x 10-8 mol dm-3) was produced and the pH 
adjusted to ≈ 4. This solution (20 cm3) was added to the mineral and left for one 
week to equilibrate on a flatbed stirrer. This was done in quadruplicate. The process 
was repeated with solids mentioned in the above list. This process was then 
repeated at a range of pH values to cover an exhaustive range. These pH values 
were aimed at pH 7, 10 and 13 and left to equilibrate, taking into account the 
buffering capacity of the individual solids. After the equilibration phase a 5 cm3 
sample was removed from the trial solution and filtered using a 0.22 µm syringe filter 
of which the first 3 cm3 was discarded to waste and the remaining solution counted 
by liquid scintillation counting. Control experiments were conducted by counting 
samples of the original technetium solution which was pH adjusted and placed in the 
sample vial without any solid being present. All studies were conducted in the 
absence of carbonate. 
 
Solids were chosen to give a broad range of solids that may be within, or in close 
proximity to a GDF in the UK.  
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Mineral 
Clay/Clay 
mineral 
Sedimentary 
Rock 
Crystalline Rock Carbonates 
Milky Quartz Bentonite Sandstone Adamelite Granite Limestone 
Barites Illite Shale Microgranite Dolomite 
Plagioclase 
Feldspar 
Illite - Smectite 
mixed layer 
Ironstone Graphic Granite Calcite 
Goethite Montmorillonite  Andesite  
Gypsum Oxfordian Clay  Biotite Granite  
Pyrite London clay  Biotite Gneiss  
Hornfels   Gabbro  
Haematite   Grey Granite  
Sand   Blue Granite  
   Rapakivi Granite  
   Townite Basalt  
   Rhyolite  
 
Table 2.1. Solids used in Tc(VII) sorption experiments 
 
Milky quartz is comprised of a continuous framework of SiO4, silicon-oxygen where 
the O atoms are shared between two tetrahedral giving the formula SiO2. It is a white 
mineral which is the second most common on earth after the feldspars. It is found in 
nearly every geological environment and is at least a constituent of almost every 
rock type1. 
 
Bentonite is a naturally occurring aluminium phyllosilicate comprising mostly of 
montmorillonite clay which is designated by the chemical formula 
(OH4).Si8.O20.nH2O2. Industrially, this mineral has been used as a bleaching and 
cleaning agent. The structure of bentonite can be seen below: 
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Figure 2.7 A diagram of the structure of bentonite3 
 
Hornfels is a group designation for contact metamorphic rocks which have been 
heated and compressed causing the rock to become hard and splintery but in some 
cases tough and durable. Hornfels composition is highly variable dependant on the 
parent rocks.4 
 
Calcite is a polymorph comprised of calcium carbonate (CaCO3)2. Since this is a 
major component of cements this means that it will be a large constituent of the 
cementitious backfill of an underground nuclear waste GDF. It is one of the most 
widely distributed mineral in the earth’s crust and is a major constituent in limestone 
and marble as well as forming a component of other sedimentary and metamorphic 
rocks5. 
 
Gneiss is a metamorphic rock comprising of many different essential minerals such 
as quartz, orthoclase and plagioclase feldspars and also biotite, which is formed by 
metamorphic processes from igneous or sedimentary rock2. If it is formed from 
igneous rocks then it is known as ortho-gneiss and if it is formed from metamorphic 
rocks it is known as para-gneiss.  
 
Gabbro is an intrusive or plutonic igneous rock formed from plagioclase feldspar and 
formed when molten lava cools slowly underground and becomes crystalline2. It may 
also contain hornblende and magnetite. 
 
Basalt is an extrusive magnetic rock formed from the same component minerals as 
gabbro i.e. hornblende, magnetite and plagioclase feldspar but cooling much more 
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rapidly than gabbro. This forms fine grain rocks due to the rapid cooling of the lava 
from which it originates2. 
 
Rhyolite is a volcanic, extrusive igneous rock which contains quartz, alkaline feldspar 
and plagioclase2. It is related to granite in that it comprises the same minerals 
though it is extrusive rather than granite that is intrusive. 
 
Illite has the chemical formula (K,H3O)(Al,Mg,Fe)2(Si,Al)4O10[(OH)2,(H2O)] and is an 
alteration product of muscovite and feldspar2. It is a clay mineral which is structurally 
related to micas and is also the foremost mineral in shales and sedimentary rocks 
around the world5.  
 
Andesite is an extrusive igneous volcanic rock which is made up of plagioclase 
feldspar and hornblende2. 
 
Norwegian dolomite is calcium magnesium carbonate, CaMg(CO3)2 with a measured 
density of 2.85 kg m-3 and a hardness of 3.5-4 on the Mohs hardness scale5. It is 
found all over the world and is found within sedimentary rock formations2. 
 
Oxford clay is a sedimentary from the Jurassic era which is found across the south 
east of England. Oxford clay is also found in the north of France and is a possible 
host formation for high level nuclear waste GDF to be located2. 
 
Plagioclase feldspar has the chemical formula NaAlSi3O8 - CaAl2Si2O8 and is a small 
section of the overall group of feldspar which are the most common rock forming 
minerals with a triclinic formation2. 
 
Sandstone is a sedimentary rock which is made up of sand sized particles of 
feldspar and quartz2. These particles are held together by either a clayey, siliceous, 
limey or irony type cement. The hardness of the sandstone depends on the type of 
cement that holds the grains together and also the extent as to which the stone 
becomes weathered. 
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London clay is a marine formation which is found in the south of England. The clay 
itself possesses a bluish colour which becomes brown when the clay becomes 
weathered2. 
 
Limestone is a sedimentary rock which contains calcite, calcium carbonate CaCO32. 
The rock may also contain clays, sand, iron oxides and bituminous materials which 
are present as accessory minerals. 
 
Pyrite has the chemical formula FeS2. It has a golden colour and is known as “fool’s 
gold”. It is the most common of the sulphide minerals2. 
 
Shale is the most common sedimentary rock formed from kaolin and other clay 
minerals. It is sometimes known as mudstone2 depending on the structure of the 
rock itself. Shale is laminated in that it forms layers one on top of the other whereas 
mudstone has an un-laminated structure. 
 
Ironstone is a sedimentary rock of which the main constituents are iron oxides and 
carbonates as well as clay and sand2. 
 
Sand is a geological term for a particle size of 0.0625 – 2 mm. Sand is predominately 
quartz but may also contain feldspars and micas2. 
 
Barites is a barium mineral with the chemical formula BaSO4 which is found all over 
the world and has appears as many different colours2. It has a measured density of 
4.5 kg m-3 and a hardness of 3-3.5 on the Mohs hardness scale. It occurs as 
outstanding crystals in Cumbria and Derbyshire in the UK. 
 
Haematite is an iron ore mineral with the chemical formula Fe2O3. Haematite is found 
in igneous rocks as well as in sediments2. 
 
Montmorillonite has the chemical formula M10.666(Y3, Y2)4-6(Si, Al,)O20OH4.nH2) 
where M1 = Na or 0.5 Ca, Y2 = Mg or Fe2+ and Y3 = Al or Fe3+ and is noted for its 
ability to take up and lose water2. It is the main constituent of bentonite as well as 
being found in many other soils, metamorphic and sedimentary rock formations. 
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Goethite has the chemical formula FeO.OH and is part of the limonite group of 
minerals which comprise a mixture of iron oxides and hydroxides2. Goethite is 
commonly found alongside haematite, calcite and clays. I2 has a calculated density 
of 4.264 kg m-3 and a hardness of 5-5.5 on the Mohs hardness scale. 
 
Granite is a naturally occurring igneous rock which contains many different minerals 
such as quartz, biotite as well as both plagioclase and orthoclase feldspars. This is 
the ideal bedrock for an underground GDF2. As various different types of granite 
were used in these sorption studies, samples of each were sent for compositional 
analysis and the results are tabulated below, see also Section 2.62. 
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Sample Mineralogy % 
 Chlorite Kaolinite K-feldspar Mica Plagioclase Quartz Smectite Amphibole 
Graphic Granite Nd <0.5 49.4 0.5 21.6 28.3 Nd Nd 
Granite Adamelite <0.5 Nd 32.9 3.1 25.7 38.1 <0.5 Nd 
Biotite Granite <0.5 Nd 17.2 7.4 44.0 28.1 <0.5 2.9 
Grey Granite <0.5 Nd 22.6 4.3 34.4 38.6 Nd Nd 
Rapakivi Granite <0.5 <0.5 32.1 1.6 29.2 33.3 <0.5 3.5 
 
Nd = not detected, “mica” = undifferentiated mica species present including muscovite, biotite, illite and illite/smectite etc. 
 
Table 2.2. Percentage mineralogy of different granitic samples 
 
 
Sample 
Proportion of phyllosilicate/clay minerals in <2 µm fraction (%)  
Non-clay Minerals “<2 µm mica” Kaolinite Corrensite Chlorite Smectite 
Graphic Granite 75 25 Nd Nd Nd Quartz, K-feldspar, albite 
Granite adamelite 38 Nd 27 21 14 Quartz, K-feldspar, albite 
Biotite Granite 51 Nd Nd 46 3 Quartz, K-feldspar, albite, amphibole 
Grey Granite 81 Nd Nd 19 Nd Quartz, K-feldspar, albite 
Rapakivi Granite 47 22 Nd 6 26 Quartz, K-feldspar, albite, amphibole 
 
Table 2.3. Percentage composition of clay minerals present in granitic samples 
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2.6 Sorption of Tc(IV) To Different Materials 
Sorption of technetium (IV) has also been studied. The list of solids used is shown below: 
 
Mineral 
Clay/Clay 
mineral 
Sedimentary 
Rock 
Crystalline Rock 
Carbonates/ 
Cements 
Milky Quartz Montmorillonite Sandstone Micro Granite NRVB 
Haematite Illite Shale Graphic Granite PCM 
Plagioclase 
Feldspar 
Smectite- Illite 
Mixed layer 
Sand Townite Basalt OPC 
Goethite Bentonite  Rapakivi Granite Limestone 
 
Table 2.4. Solids used in Tc(IV) sorption experiments 
 
A different technetium isotope was used for the study of sorption of Tc(IV). This isotope 
was Tc–95m. This isotope has a half-life of 61 days with γ decay energies of 204, 582 
and 835 keV. This allowed for the detection of much lower concentrations of technetium 
in solution as Tc-95m has a much higher specific activity than Tc-99 and is a gamma 
emitter which allows for easier detection as no sample preparation is required. The 
extraction of Tc-95m was completed using the following method. All studies were 
conducted in the absence of carbonate. 
2.7 Extraction of Tc-95m 
An irradiated molybdenum target was refluxed in concentrated sulphuric acid (50 cm3) 
contained within a 3-necked round bottomed flask before being cooled by immersion in 
an ice bath. The solution was then neutralised by the addition of NaOH (15 mol dm-3, 100 
cm3). The reaction vessel was kept in the ice bath to control the temperature as the 
alkaline was added to the acid. The solution was then oxidised by the addition of H2O2 
(50 cm3). This solution was then passed through a column containing DOWEX resin. This 
loaded column was then washed with potassium oxalate (1 mol dm-3, 50 cm3) to remove 
any remaining molybdenum from the column. Tc-95m was then extracted from the 
column by washing with perchloric acid (1 mol dm-3, 100 cm3). 
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2.8 Sorption Experiments Using Tc-95m 
The ground solid (0.1 g, <180 µm) was weighed into 20 cm3 polypropylene vials. 
Reduced technetium-99 solution (1 x 10-9 mol dm-3) was produced and the pH adjusted to 
pH 7. This solution (20 cm3) was added to the mineral with a Tc-95m spike (0.3 cm3) and 
left for one week to equilibrate, allowing for the buffering capacity of the solid, on a flatbed 
stirrer. This was done in triplicate. The process was repeated with solids mentioned in the 
above list. This process was then repeated at pH 10, 12.5, and 13 and the whole method 
with technetium concentrations of 10 x 10-10 mol dm-3 and 10 x 10-11 mol dm-3. After the 
equilibration phase a 5 cm3 sample was removed from the trial solution with 2 cm3 being 
counted directly using a Cobra II Auto-gamma counter and 2 cm3 being passed through 
0.22 m syringe filter and consequently counted using the same gamma counter. The 
remaining solution was discarded to waste. The counting windows were set at the 
following ranges:- 
 
Window A  100-1300 keV 
Window B 150-300 keV 
Window C  15-2000 keV  
 
Table 2.5. Counting channels for 95mTc 
 
As before, controls performed by the addition of the solutions to empty samples vials 
without the addition of solid and left for one week before counting of solution to determine 
whether wall sorption occurred.  
2.9 XRD Study of Granitic Materials 
Samples of five different granitic rocks (≈50 g) were sent to the British Geological Survey 
(BGS) located in Keyworth, Nottinghamshire. The samples were then split with ≈25 g 
being removed for clay mineral analysis with the remaining portion tema-milled to <125 
µm. A sample of the tema-milled fraction (4.5 g) was taken and micronized under 
deionised water for 10 min with 10% (0.5 g) corundum. The addition of this internal 
standard was used to detect any amorphous species present in the material sample and 
allow the validation of quantification results. Also, this internal standard was used as its 
XRD peaks are remote enough from those expected from the materials studied. The 
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samples were then spray-dried and mounted into a standard stainless steel sample 
holder for analysis. 
 
The clay mineral portion of the original sample was dispersed in deionised water using a 
reciprocal shaker combined with ultrasound before the resulting suspension was sieved 
through a 63 µm filter and the <63 µm material being placed in a measuring cylinder and 
allowed to settle. “Calgon” (sodium hexametaphosphate) (0.1 mol dm-3, 1 cm3) was 
added to each sample solution to prevent flocculation of the clay minerals. After a period 
of time which was determined using Stokes’ law, a small fraction of <2 µm was taken and 
dried at 55°C. The <2 µm fraction was re-suspended using the minimum amount of 
distilled water necessary before saturating with calcium using a few drops of CaCl2.6H2O 
(1 mol dm-3) solution. The Ca-saturated suspensions were then placed on “zero-
background” silicon crystals. 
2.10 XRD Method  
XRD analysis of the samples was carried out using a PANalytical X’Pert Pro series 
diffractometer which was equipped with a cobalt-target tube, X’Celerator detector and 
operated at 45 kV and 40 mA. The Spray dried samples were scanned from 4.5-85° 2θ at 
a rate of 2.76/2θ min-1. The diffraction data obtained was analysed using PANalytical 
X’PERT Highscore Plus version 2.2a software which was coupled to the latest version of 
the International Centre for Diffraction Data (ICDD) database. 
 
The <2 µm fraction orientated mounts were scanned from 2-40°2θ at a rate of 1°2θ min-1 
after the mounts were air-drying, after glycol-solvation and after heating to 55°C for two 
hours. To gain more information about the about the clay minerals present in the 
samples, Newmod-for-Windows was used to model the XRD profiles. 
2.11 BET measurement 
A small amount of carbon black standard (1 g) to be measured was placed in a labelled 
sample tube. This tube was then placed into a foam base and a cone shaped rubber 
stopper placed in to the top of the tube before the whole assembly was weighed using a 
four figure decimal place balance with the weigh being noted. The stopper was then 
removed and the tubes attached to a vac prep unit ensuring at that all switches are in the 
off position. Once this step was complete the values were slowly turned to the “vac” 
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position ensuring that the sample does not rise up the sample tube. The tube was then 
transferred to a heating station set at 60°C and left overnight. This was also done for all 
experimental samples to be measured. The following day the experimental samples were 
removed from the vac prep unit and left to cool whilst the carbon black standard material 
was subjected to further heating 300°C for a further hour. Once this had been completed 
the same rubber stopper used during the previous weighing was taken and the whole 
assembly weighed for a second time to guarantee an accurate mass of sample being 
measured. 
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Chapter Three: The Complexation of Tc(IV) by Organic 
Ligands 
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3.0 The Complexation of Tc(IV) by Organic Ligands 
3.1 Measurement of Technetium Concentration in Solution 
A calibration curve was produced for both counters available for liquid scintillation 
counting with one counter possessing a slightly lower limit of detection (LOD). The 
highest reading from the higher LOD counter was found to be 222 504 cpm, after 
background correction, which corresponded to a Tc concentration of 4.34 x 10-5 mol dm-3. 
The lowest reading that was measured on this counter was 2.94 cpm after background 
correction which corresponds to a concentration of 1.62 x 10-10 mol dm-3. The second 
counter which was used and had a lower LOD produced a response of 143407 cpm after 
background correction which was equivalent to a Tc concentration of 2.71 x 10-5 mol dm-
3. The lowest response was found to be 1.75 cpm, after background correction, which 
corresponded to a Tc concentration of 1 x 10-10 mol dm-3. It was found that the mean 
background reading for the high LOD counter was 35.74 cpm. Consequently the LOD 
was found to be 45.00 and the limit of quantification (LOQ) found to be 58.87. and the 
mean background was found to be 21.63 cpm for the lower LOD counter. The calibration 
curves can be seen in appendix 1. The calibration curves were used to calculate the 
concentration of technetium in the complexation studies. In order to achieve more 
accurate values, the calibration graphs were used in two distinct levels. The lower 
concentrations that formed one graph ranged from 8.35 x 10-8 mol dm-3 to 3.24 x 10-10 
mol dm-3 and has a R2 value of 0.99948. The higher level calibration graph ranged from 
4.34 x 10-5 mol dm-3 to 1.69 x 10-7 mol dm-3 and has a R2 value of 0.9998. The graphs 
can be seen figure 3.1 and 3.2.  
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Figure 3.1 Calibration curve for high concentration range of technetium. 
 
 
Figure 3.2 Calibration curve for lower concentration range of technetium. 
 
As is shown in the graphs above, the R2 values are very close to 1 which would indicate 
that there are very few outlying points on the calibration curves. 
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3.2 Reduction of Technetium(VII) to Technetium(IV) 
It was found that the complete reduction of technetium, from VII to IV, could be achieved 
overnight through diligent analysis of reduced solutions ensuring that a concentration of 1 
x10-9 mol dm-3 had been achieved. Initially the amount of reduction was not reproducible 
each time the cell was set up. This may have been due to insufficient purging of the 
solutions with oxygen-free nitrogen. Reproducibility of the reduction became more reliable 
with practice in assembly of the cell. This has allowed production of reduced technetium 
solutions at a concentration ~ 1 x 10-9 mol dm-3 i.e. Tc(IV) (aq) on a regular basis. Any 
systems where reduction was not achieved to this level were disregarded. An upper limit 
on the concentration of technetium in solution 8.99 x 10-8 mol dm-3, was determined and 
the solution deemed to have not been fully reduced. 
The original technetium concentration of the cell solution was ~ 6.79 x 10-7 mol dm-3, i.e. 
TcO4-, with the Tc(IV) produced either plated to the reticulated vitreous carbon electrode, 
probably as TcO2 (am), or in solution as TcO(OH)2 at ~ 1 x 10-9 mol dm-3.  
3.3 Complexation Studies with Tc(IV) 
Complexation studies were performed with gluconic acid, picolinic acid, EDTA, NTA and 
ISA. However, the results with NTA were far too inconsistent to analyse and have been 
disregarded. Some of the work described below has been published in the following 
publications which are reproduced in full in the appendices, the raw data are also shown 
in the appendices. 
 
 The Complexation of Tc(IV) with Gluconic Acid at High pH, N. Evans, R. Hallam, 
S. Aldridge, P. Warwick and N. Bryan, 1st Annual Workshop Proceedings, 7th EC 
FP - ReCOSY, Barcelona 10th – 12th Feb 2009 
 The Complexation of Tc(IV) with EDTA and Picolinic Acid at High pH, N. Evans 
and R. Hallam, Paper accepted by Mineralogical Magazine for publication in 
Loughborough Conference Special Issue 2012/3 
3.3.1 Complexation with Gluconic Acid 
The solubility of Tc(IV) in anaerobic conditions at high pH above amorphous TcO2(s), the 
phase most likely to be present in a GDF, has been a matter of debate for some time. A 
recent study by Warwick et al. showed that, from pH 11 to 13.5, the aqueous Tc 
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concentration appeared to be independent of pH. However, at pH values greater than 
13.5, the aqueous concentration of technetium increased with increasing pH. This 
increase in solubility can be explained by the equilibrium in equation 3.1. Log K for the 
species TcO(OH)3- was determined to be log K2 = -14.2, but this anionic Tc(IV) species is 
only likely to be formed in significant quantities above the highest pH likely to be found in 
a cementitious GDF, and hence should be of little interest to performance assessment. 
 
TcO2·nH2O ↔ TcO(OH)3- + H+ + (n-2)H2O     Equation 3.1 
 
Also of relevance to technetium mobility, is the possibility of increased solubility when 
organics are in contact with reduced technetium (TcO2(s)). In other words, does the 
presence of organics affect the reduction of Tc(VII) to Tc(IV)? With these considerations 
in mind, studies were undertaken in which TcO4- was reduced electrochemically, and by 
use of Sn(II) and Fe(II), in the presence and absence of gluconic acid, to determine 
whether there was an increase in technetium solubility when TcO2 was contacted with the 
organic ligands, TcO2 was prepared by the reduction of TcO4- and then contacted with 
anaerobic solutions of the ligands. The solubility product for the TcO2(am) phase formed 
in these experiments was determined to be log Ksp = -33.6 ± 0.32 [8]. 
 
Figure 3.3 shows the effect of increasing gluconic acid concentration on technetium(IV) 
solubility. The slope of close to unity indicates that the increase in solubility of Tc is being 
controlled by the formation of a 1:1 Tc(IV)-gluconate complex. This relationship allows the 
calculation of a conditional stability constant for this complex using the solubility product 
approach. 
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Figure 3.3 Effect of concentration of gluconic acid on Tc concentration above TcO2(am) at 
pH 13.3. 
 
The dissolution of TcO2 can be written as: 
 
TcO2.2H2O(am) ↔ TcO2+(aq) + 2OH-(aq) + H2O     Equation 3.2 
 
Therefore, the solubility product Ksp = [TcO2+][OH-]. In the absence of gluconate, 
dissolved Tc(IV) will consist of the TcO(OH)+ ion and its major hydrolysis products, 
equation 3. 
 
 [Tc]solution = [TcO2+] + [TcO(OH)+] + [TcO(OH)2]0 + etc.    Equation 3.3 
 
Or [Tc]solution = [TcO2+]A, where A = 1 + ∑βx[OH]x (the side reaction coefficient) [9], which 
is constant at a given pH. Addition of gluconic acid caused the following reaction to occur, 
equation 4. 
 
TcO2+ + Gly- ↔ TcOGl(2-y)+         Equation 3.4 
 
The concentration of dissolved Tc(IV) will be increased by the formation of the gluconate 
complex, equation 5: 
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[Tc]solution = [TcO2+]A + [TcOGl(2-y)+]      Equation 3.5 
 
Following the derivation in Warwick et al. the conditional stability constant of the complex 
is given by: 
  

 
                                        
'
SP
solution
' '
ySP SP
solutiontotal
KTc A
OH
K KGl [Tc] A
OH OH
   Equation 3.6 
 
The conditional stability constant was calculated using equation (3.6) and was 
determined to be; β = 4.0 ×1026 or log β = 26.6 ± 0.2.  
 
The Solubility Enhancement Factor, (SEF), shows the increase in solubility of the 
technetium in solution after the addition of organic ligand. This is calculated using the 
following equation: 
 
 
 reduced
ligand
Tc
Tc
SEF 
        
Equation 3.7 
 
Where [Tc]ligand = Tc concentration after the addition of ligand 
[Tc]reduced = Tc concentration after the initial reduction of solution 
 
Gluconic acid concentration 
(mol dm-3) Mean SEF 
0.4 3.92 ± 2.77 
0.2 2.5 ± 1.1 
0.15 4.2 ± 3.3 
0.1 4.5 ± 4.3 
0.075 3.6 ± 1.8 
0.05 3.7 ± 0.7 
0.025 3.2 ± 1.6 
0.01 2.8 ± 1.5 
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Table 3.1. Mean SEF for a range of gluconic acid concentrations 
3.3.2 Complexation with EDTA 
Organic complexing agents will be present as inherent components of the waste, 
especially those like EDTA and picolinic acid which are heavily used as decontamination 
agents. These are highly complexing and can cause significant increases in radionuclide 
solubility at high pH. The GDF will not be homogenous and there are likely to be areas of 
reducing and oxidising potential. Of relevance to technetium mobility is the possibility of 
increased solubility when such organics are in contact with reduced technetium (TcO2(s)). 
With these considerations in mind, studies were undertaken in which TcO4- was reduced 
electrochemically to determine whether there was an increase in technetium solubility 
when TcO2 was contacted with the organic ligands. It can be assumed that all ligands will 
have been washed out by the time the pH decreases to 12.512. 
 
In previous studies on complex formation between Tc and EDTA, Gorski and Koch7 
dissolved freshly prepared hydrous oxide of Tc(IV) in HClO4 and obtained an aqueous 
solution containing an unknown trace concentration of technetium(IV). In the pH range 1 
to 2.5 they investigated the ionic mobility by electrophoresis, and they studied the 
formation of complexes in the presence of complexing ligands by cation exchange and by 
electrophoresis, as quoted in Hummel et al10. The results were interpreted by assuming 
the presence of TcO2+ at pH 1, reacting to TcO(OH)+ and TcO(OH)2(aq) at higher pH, and 
the concomitant formation of TcO(OH)EDTA3−. The authors quoted a value of log K = 
19.1 for the reaction shown below in acidic conditions: 
 
TcO(OH)+ + EDTA4- ↔ TcO(OH)EDTA3-.      Equation 3.8 
 
An important review of the biogeochemistry of technetium by Icenhower et al11 indicates 
that previous studies of organic complexation of Tc(IV) by ligands such as EDTA, had 
failed to detect any significant interaction. However, these studies differ from the current 
work in two crucial areas. Firstly, they were conducted in the natural environment and 
were, therefore, at around pH 7, and secondly they used much lower organic 
concentrations. 
 
Ricky Hallam 
 95
Figure 3.4 shows the effect of increasing concentration of EDTA on technetium(IV) 
solubility, the aqueous concentration of Tc(IV) rising from ~10-9 mol dm-3 to 10-7 mol dm-3, 
albeit at high EDTA concentrations. The slope of close to unity in the log-log plot (1.18) 
indicates that the increase in solubility of Tc is being controlled by the formation of a 1:1 
Tc(IV)-EDTA complex. This relationship allows the calculation of a conditional stability 
constant for this complex using the solubility product approach described in Warwick et 
al16. The stability constants measured in this study are conditional ones. It was decided to 
format the equations in terms of the TcO2+ ion reacting with fully deprotonated EDTA to 
give the complex [TcOEDTA]2-. However, it is possible that hydroxide ligands are also 
involved but because all the experiments have been conducted at a single pH for the 
reasons stated above, it is impossible to tell whether hydroxide ions are also involved at 
pH 13.3. The conditional stability constant was calculated using the equations mentioned 
in the gluconic acid section above 
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Figure 3.4 Effect of concentration of EDTA on aqueous Tc concentration above TcO2(am) 
at pH 13.3. 
 
The conditional stability constant for the Tc(IV)-EDTA complex was calculated using 
equation (5), and was determined to be; βTc(IV)-EDTA = 1.6 x 1026 or log βTc(IV)-EDTA = 26.2 ± 
0.6 (1 s.d.). Reinoso Maset et al.14 investigated the effect of EDTA and other organics on 
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the speciation and solubility of Tc under reducing conditions at circumneutral pH, using 
EDTA concentrations of around 0.17 mM. Given these relatively much lower 
concentrations than used in this study, it is unsurprising that no significant Tc-EDTA 
interaction was observed in previous work. Were Gorski and Koch’s determined value of 
log K = 19.1 to be applicable in these systems then no increase in Tc concentration with 
increasing EDTA concentration would be found, hence, the authors feel confident that the 
value of log βTc(IV)-EDTA = 26.2 ± 0.6 better fits the chemistry involved. 
 
EDTA Concentration 
(mol dm-3) Mean SEF 
0.4 1.5 ± 0.4 
0.2 1.5 ± 0.4 
0.15 0.9 ± 0.3 
0.1 1.0 ± 0.3 
0.075 1.9 ± 0.7 
0.05 3.1 ± 1.1 
0.025 1.6 ± 1.2 
0.01 1.1 ± 1.0 
 
Table 3.2. Mean SEF for a range of EDTA concentrations 
3.3.3 Complexation with Picolinic Acid 
Fig. 3.5 shows the effect of increasing concentration of picolinic acid on technetium(IV) 
solubility, the aqueous concentration of Tc(IV) rising from ~10-9 mol dm-3 to 10-6 mol dm-3 
at high picolinate concentrations. The slope of close to unity in the log-log plot (1.05) 
indicates that the increase in solubility of technetium is being controlled by the formation 
of a 1:1 Tc(IV)-PA complex. This relationship allows the calculation of a conditional 
stability constant for this complex using the solubility product approach. 
 
The conditional stability constant for the Tc(IV)-picolinic acid complex was calculated 
using equation (5), and was determined to be, βTc(IV)-PA =8.65 x 1026, or log βTc(IV)-PA = 
26.9 ± 0.1. 
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Figure 3.5 Effect of concentration of picolinic acid on Tc concentration above TcO2(am) at 
pH 13.3. 
 
Picolinic acid concentration 
(mol dm-3) SEF 
0.4 3.1 ± 0.8 
0.2 2.5 ± 1.2 
0.15 2.7 ± 0.9 
0.075 7.2 ± 3.5 
0.05 13.0 ± 2.3 
0.025 23.2 ± 14.2 
0.01 5.2 ± 3.0 
 
Table 3.3. Mean SEFs for a range of picolinic acid concentrations 
3.3.4 Complexation with ISA 
ISA has also been investigated, however, it has not been possible to conduct the range of 
concentrations used for other ligands due to the fact that the ISA has to be synthetically 
produced in the laboratory and produces a very small yield at the end of a long process. 
Since the amount of solid needed to produce these concentrations is considerable in 
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relation to that produced in synthesis this has meant that we have not been able to 
investigate the full range of concentrations. Another problem has been the use of a 
different glove box with an increased oxygen level which has meant that it was not 
possible to fully reduce the technetium before the addition of ISA into the system. This 
has meant that in the analysis of the results obtained the increase in solubility has had to 
be analysed in terms of the SEF since it has not been possible to impose the initial bench 
mark of a concentration in the order or 10-9 mol dm-3 in this case. 
 
Complexation has occurred with increasing concentration of ISA, increasing the 
concentration of Tc(IV) in solution as shown in figure 3.6 below. However, the slope of ca. 
2.5 seems an unlikely stoichiometry, so it is suggested that further work is carried out on 
this system before a stability constant is derived and further conclusions drawn. 
 
 
Figure 3.6 Effect of concentration of ISA on aqueous technetium concentration above 
TcO2(am) at pH 13.3. 
 
ISA concentration 
(mol dm-3) Mean SEF 
0.2 2.2 ± 1.2 
0.1 1.5 ± 0.4 
0.075 1.1 ± 0.4 
0.05 3.0 ± 0.7 
Ricky Hallam 
 99
0.025 1.7 ± 0.7 
 
Table 3.4. Mean SEFs for a range of ISA concentrations 
3.4 Summary 
The presence of gluconic acid, EDTA and picolinic acid caused some increase in Tc(IV) 
solubility, indicating the formation of Tc(IV)-EDTA and Tc(IV)-PA complexes with 1:1 
stoichiometries. The conditional stability constants were calculated and determined to be; 
log β = 26.6 ± 0.2, 26.6 ± 0.2 and 26.9 ± 0.1 for gluconic acid, EDTA and picolinate 
respectively. However, the overall effect of EDTA and picolinic acid on the solubility of 
technetium is quite low in such high pH environments. Whilst it is possible that such high 
concentrations of EDTA and picolinic acid (10-2 mol dm-3) could be found in some waste 
containers, the concentration of technetium was only increased from 10-8 to 10-6 mol dm-
3. This means, for example, that only 0.001 % of the picolinic acid was bound in 
complexes with Tc(IV) under these conditions. These results indicate that a detailed 
understanding of the effect of such organic ligands on Tc(IV) may be required for 
performance assessment if technetium is to be safely disposed of in a GDF, but that such 
ligands may not out-compete the hydroxide ion for technetium complexation and 
therefore, have no significant effect on technetium behaviour in cementitious 
environments. Unfortunately due to the quantity of ISA needed to conduct experiments 
across a large concentration range it has not been possible to calculate a SEF for ISA. 
However, it can be observed from figure 5.6 that as the level of ISA present in the system 
increases, the level of Tc present in solution also increases. 
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3.5 Effect of organic ligands on reduction of technetium 
Organic complexing agents will be present as inherent components of radioactive waste, 
especially those like isosaccharinic acid (ISA) and gluconic acid which will be formed by 
the anaerobic, alkaline degradation of cellulose, and decontamination agents such as 
EDTA etc. These are highly complexing and can cause significant increases in 
radionuclide solubility at high pH. The GDF will not be homogenous, there are likely to be 
areas of reducing and oxidising potential. This heterogeneity could mean that both Tc(VII) 
and Tc(IV) are present within the GDF. If TcO4- migrates into an area in which reducing 
conditions exist, the organics may complex with technetium during reduction to form 
water-soluble complexes. Also of relevance is the possibility of increased solubility when 
organics are in contact with reduced technetium (TcO2(am)). In other words, does the 
presence of organics affect the reduction of Tc(VII) to Tc(IV)? With these considerations 
in mind, studies have been undertaken in which TcO4- was reduced electrochemically, in 
the presence and absence of ISA, gluconic acid, EDTA, NTA and picolinic acid, to 
determine whether they caused an increase in Tc solubility when TcO2(am) was 
contacted with them. 
 
In the presence of ISA and gluconic acid a lowering of [Tc(aq)] took place on reduction, 
showing such ligands did not prevent reduction occurring. If this reduction was to Tc(IV), 
then the final aqueous concentration should be the same as that produced by the addition 
of the same ligands to Tc(IV) solution, i.e. the Tc(IV)-ligand complexes would again be 
formed, but by two different routes, assuming steady state had been obtained. However, 
the final Tc solubility in the system where reduction took place in the presence of 
gluconate was higher than when TcO2 was the starting point. This indicates that Tc(VII) 
may not have been reduced to Tc(IV) but an intermediate oxidation state complex such 
as Tc(V) may have been formed. This idea is well known in the formation of 99mTc 
radiopharmaceuticals.  
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3.5.1 Gluconic acid 
 
Figure 3.7 Solubility of Tc(IV) when reduced in presence of and before addition of 
gluconic acid. 
 
As can be seen from figure 3.7 above, when gluconic acid is added to a technetium 
solution before reduction takes place the solubility remains high. This is because the 
ligand does not allow the full reduction of technetium to Tc(IV), but traps the oxidation 
state at Tc(V). This can be observed by the fact that there is no significant gradient in the 
data points corresponding to that of the reduction in the presence of the ligand. However, 
when technetium is reduced electrochemically prior to the addition of gluconic acid it can 
be observed that there is a linear relationship between the solubility of technetium in 
solution and the concentration of ligand added. 
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3.5.2 EDTA 
 
Figure 3.8 Solubility of Tc(IV) when reduced in presence of and before addition of EDTA. 
 
The data for EDTA, given in figure 3.8, provides a similar plot to that of the gluconic acid 
experiments. When the Tc solution is reduced before the addition of EDTA it is observed 
that the solubility increases in a linear relationship with the increase in EDTA 
concentration. However, when EDTA is added into the solution before the 
electrochemical reduction of the technetium this again causes incomplete reduction of Tc 
to Tc(IV). 
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3.5.3 Picolinic acid 
 
Figure 3.9 Solubility of Tc(IV) when reduced in presence of and before addition of 
picolinic acid. 
 
Figure 3.9 shows a similar trend to that of both gluconic acid and EDTA with the solubility 
increasing as the concentration of ligand added after reduction of solution increases. 
Again, when the ligand was added to the technetium solution before reduction took place, 
total reduction did not take place. 
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3.5.4 ISA 
 
Figure 3.10 Solubility of Tc(IV) when reduced in presence of and before addition of ISA. 
 
When observing the results for the ISA experiments, figure 3.10, it is evident that there is 
insufficient evidence to show that ISA affects the reduction of technetium 
3.5.5 Conclusion 
It has been shown through figures 3.7 – 3.10, that when technetium was reduced prior to 
the introduction of the ligands under investigation, the solubility of technetium increased 
as the concentration of ligand increased. It can also be observed that the when the ligand 
was added prior to the reduction taking place then reduction of technetium did not take 
place for gluconic acid, picolinic acid and EDTA which inhibited the reduction of 
technetium in solution. However, it is observable that the when ISA was added to the 
solution and then reduced the reduction was able to take place as the gradient indicates 
an increase of solubility as the concentration of ISA present also increases. 
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Chapter 4: The Sorption of Tc(VII) to Some Geologic Materials 
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4.0 Introduction 
As Tc(VII) is the most abundant form of technetium in the oxic environment it is important 
to have as much knowledge as possible of the sorptive properties of this species in the 
geosphere. Prior to experimentation, low levels of TcO4- sorption were expected, as in 
general, mineral and rock surfaces are negatively charged in the neutral and alkaline pH 
range. Since TcO4- is anionic, this makes sorption to the majority of environmental 
surfaces less preferable than for a cation. 
 
Sorption experiments were conducted using Tc(VII) in the form of ammonium 
pertechnetate, and it has been found that some solids under a few conditions cause a 
lowering of the amount of technetium present in solution. The lowering of the amount of 
technetium present in solution may be due to sorption of pertechnetate onto the surface 
of the solid present in the sample. If the solution conditions were altered by the presence 
of the solid, i.e. the Eh was lowered, or a reducing agent such as Fe(II) or Fe(0) was 
present in a solid, this may cause the reduction of technetium to Tc(IV) and subsequent 
precipitation of technetium out of solution, thus reducing the sample activity in solution. 
Although no significant sorption of TcO4- is expected in the environment the Performance 
Assessment of a radioactive waste GDF should not be based on assumptions where it is 
possible to determine values for the sorption of TcO4- experimentally. 
 
The pH values that were chosen represent areas that are different distances away from 
the GDF. The near field, inside the GDF, will have an initial pH of ~ 13.3 due to the 
equilibrium formed through the dissolving of the cementitious backfill material, leaching 
KOH and NaOH. Once any groundwater has dissolved these away a new equilibrium 
becomes dominant with the dissociation of Ca(OH)2 producing a pH of ~ 12.5. The alkali 
disturbed zone (ADZ) will have be approximately pH 10 due to groundwater flowing away 
from the GDF site before the water travels a sufficient distance away from the GDF to 
have a neutral pH. These pH values were measured at the time of introduction of the 
solutions to the solids. The final pH after a period of equilibrium was measured and used 
to produce graphs of sorption as a function of pH. The solids that were investigated are 
listed in the experimental section. 
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4.1 Sorption of Tc(VII) 
4.1.1 Sorption of Tc(VII) at an initial pH of 4 
At initial pH 4, only five solids that were tested showed any measurable sorption. These 
solids were adamelite granite, montmorillonite, bentonite, gypsum and shale. The control 
solution that was added to the solid gave a count of ~ 270 ± 7.7 cpm, but the samples 
from the adamelite granite produced a mean count of 182 ± 6.5 cpm which is only 67% of 
the original activity added to the mineral. The measured activity of Tc in the supernatant 
above montmorillonite was determined to be 216 ± 7.2 cpm, which is only 80% of the 
original activity. Both the results for montmorillonite and adamelite granite can be seen 
below in figure 5.1. The third and final set of results which were obtained in collaboration 
with Richard Cowell, a part C project student, had a control activity of 310.6 cpm. The 
measured activity in the aqueous phase above bentonite was 159.7 cpm which is 51% of 
the original activity added. The results for gypsum produced a mean count of 61.6 ± 20.3 
cpm which is 20% of the original value. Finally, the mean activity in the supernatant 
above the shale was 87 ± 11.3 cpm, which is 28% of the original activity. The results for 
bentonite, gypsum and shale can be seen in figure 5.1 below. 
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Figure 4.1 Mean Tc activity in supernatant above different solids initially at pH 4 (set 1). 
S:L = 1:200 at 20°C. Equilibration = 7 days. Control value = 277 cpm. 
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Figure 4.2 Mean Tc activity in supernatant above different materials initially at pH 4 (set 
2). S:L = 1:200 at 20°C. Equilibration = 7d. Control value = 304 cpm. 
 
0
50
100
150
200
250
300
350
400
ac
tiv
ity
 (
cp
m
)
Solids 
 
Figure 4.3 Mean Tc activity in supernatant above different solids initially at pH 4 (set 3). 
S:L = 1:200 at 20°C. Equilibration = 7d. Control value = 310.56 cpm. 
4.1.2 Sorption of Tc(VII) at an initial pH of 7 
At initial pH 7, six solids showed apparent sorption of technetium (VII). These solids were 
adamelite granite, montmorillonite, goethite, bentonite, gypsum and shale. The control 
solution activity added to the solids was ~ 270 ± 7.7 cpm. The supernatant solution above 
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the adamelite granite samples was measured and determined to have a Tc activity of 
207.4 ± 27.26 cpm which is 76% of the original solution. The measured Tc activity above 
montmorillonite was determined to be 219.6 ± 1.2 cpm which is 81% of the original 
solution. Finally, the measured Tc activity within the supernatant above goethite was 
determined to be 233.4 ± 12.2 cpm which is 86% of the original sample. The results for 
adamelite granite, montmorillonite and goethite can all be seen in figure 5.4 below. Again 
the final three solids which showed sorption were obtained with the assistance of Richard 
Cowell where the control activity was determined to be 310.6 cpm. The measured 
supernatant Tc activity above bentonite was determined to be 165.2 ± 49.8 cpm which is 
53.2% of the original solution. The Tc activity of the supernatant above gypsum was 
measured and determined to be 183.5 ± 18.4 cpm which is 59.1% of the original solution. 
Finally, the measured Tc activity of the supernatant above shale was determined to be 
156.4 ± 6.1 cpm which is 50.3% of the original solution. These appear to have sorbed to 
the solid less than the pH 4 trials. Figure 5.6 below shows the results for bentonite, 
gypsum and shale. 
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Figure 4.4 Mean Tc activity in supernatant above solids initially at pH 7 (set 1). S:L = 
1:200 at 20°C. Equilibration = 7d. Control value = 267 cpm. 
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Figure 4.5 Mean Tc activity in supernatant above different materials initially at pH 7 (set 
2). S:L = 1:200 at 20°C. Equilibration = 7d. Control value = 225 cpm. 
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Figure 5.6 Mean Tc activity as a function of different solids at pH 7 (set 3). S:L = 1:200 at 
20°C. Equilibration = 7d. Control value = 310.7 cpm. 
4.1.3 Sorption of Tc(VII) at an initial pH of 10 
At initial pH 10, the solids that showed apparent sorption were goethite, montmorillonite, 
illite, bentonite, gypsum, shale and andesite. The measured Tc activity of the supernatant 
above montmorillonite was determined to be 225.2 ± 5.4 cpm which is 83% of the original 
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solution added to the solid. The supernatant above goethite was measured and the Tc 
activity was found to be 227.3 ± 1.8 cpm which is 84% of the original activity. The 
supernatant above illite was measure and determined to have a Tc activity of 32.8 ± 13.6 
cpm which is 13.7% of the original solution. The supernatant above bentonite was 
measure and the Tc activity determined to be 50.5 ± 3.3 cpm which is 16.3% of the 
original solution. The supernatant above gypsum measured and the Tc activity 
determined to be 143.2 ± 81.9 cpm which is 46.1% of the original solution. When 
supernatant above shale was measured the Tc activity was determined to have been 
192.7 ± 13.8 cpm which is 62.0% of the original solution. Finally, the supernatant above 
andesite was measured and determined to have a Tc activity of 232.6 ± 41.6 cpm which 
is 74.9% of the original solution. This can be observed in figures 5.7 – 5.9. 
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Figure 4.7 Mean Tc activity as a function of different solids at pH 10 (set 1). S:L = 1:200 
at 20°C. Equilibration = 7d. Control value = 267 cpm. 
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Figure 4.8 Mean Tc activity above different solids at pH 10 (set 2). S:L = 1:200 at 20°C. 
Equilibration = 7d. Control value = 239 cpm. 
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Figure 4.9 Mean Tc activity above different solids at initial pH 10 (set 3). S:L = 1:200 at 
20°C. Equilibration = 7d. Control value 310.56 cpm. 
4.1.4 Sorption of Tc(VII) at High pH (~pH 13) 
At pH 13, the solids studies showed no significant sorption was displayed by any of the 
solids that were measured. Different minerals show variation of sorption at different pH 
values, this may indicate that the surfaces of the solids are altered with pH. At increased 
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pH the charge on the surface of the solids would become more negative as the number of 
protons removed from the surface of the mineral increases. Another possibility for the 
decrease in activity is that the finely ground solids forming colloids. This would mean that 
these colloids could potentially be trapped in the filter reducing the activity from the 
solution by removing technetium from the solution. 
 
For some radionuclides speciation will also change with pH and cause changes in 
sorption/surface complexation behaviour, but this can be discounted for pertechnetate 
whose speciation is independent of pH in the absence of changes in redox conditions. 
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Figure 4.10 Mean Tc activity above different solids at initial pH 13. S:L = 1:200 at 20°C. 
Equilibration = 7d. Control value 258 cpm. 
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4.2 Results by solid material 
The following graphs in section 4.2.1 – 4.2.27 show activity as a function of pH for the 
solids that have been tested. These experiments were allowed to equilibrate with no 
attempt to control the pH. The initial pH of the solutions was pH 4, 7, 10 and 13 before 
addition to solids.  
4.2.1 Calcite 
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Figure 4.11 Mean Tc activity as a function of final pH for calcite. S:L = 1:200 at 20°C. 
Equilibration = 7d. 
 
Figure 4.11 shows that the pH in the test solutions containing calcite drifted to a higher 
pH then the control solutions which did not contain any solid due to the buffering effect of 
the solid, except for pH 13 which remained constant. The equilibrium pH of the 
supernatant above calcite was ~8.3. Also, since the mean values are slightly higher than 
the control solutions but within experimental error, this would indicate that there is no 
significant sorption of Tc(VII) to calcite. 
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4.2.2 Adamelite Granite 
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Figure 4.12 Mean Tc activity as a function of final pH for adamelite granite. S:L = 1:200 at 
20°C. Equilibration = 7d. 
 
Figure 4.12 shows TcO4-(aq) activity (units of counts per minute) as a function of pH for 
samples in the presence of adamelite granite. Again, the pH drift of the samples 
containing solid are consistent with the drift of the control sample, however, the activity of 
the supernatant taken from above the solid containing samples is lower than the control 
solution which would indicate that significant sorption of Tc(VII) to adamelite granite has 
occurred at pH values below 8, but not at pH 8 or above. 
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4.2.3 Limestone 
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Figure 4.13 Mean Tc activity as a function of final pH for limestone. S:L = 1:200 at 20°C. 
Equilibration = 7d. 
 
Figure 4.13 shows that when limestone is introduced to the solution the pH drifts to ~8. 
This is more drift than exhibited by the control solution so would indicate that limestone 
buffers at pH 8. The graph also indicates that there is no significant sorption of Tc(VII) 
limestone.  
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4.2.4 Montmorillonite 
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Figure 4.12 Mean Tc activity as a function of final pH for montmorillonite. S:L = 1:200 at 
20°C. Equilibration = 7d. 
Figure 4.14, showing the sorption of Tc(VII) to montmorillonite as a function of pH shows 
that the pH of the solution containing montmorillonite naturally buffers towards a pH value 
of ~ 4. It is also shown that there appears to be significant sorption of Tc(VII) to 
montmorillonite at this pH as the counts from the test solution are much lower than the 
control solutions at pH 4. 
Ricky Hallam 
 121
4.2.5 Quartz 
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Figure 4.15 Mean Tc activity as a function of final pH for quartz. S:L = 1:200 at 20°C. 
Equilibration = 7d. 
 
Figure 4.15, shows that the addition of quartz to the solution causes no significant 
sorption of Tc(VII) to quartz. 
4.2.6 Sand 
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Figure 4.16 Mean Tc activity as a function of final pH for sand. S:L = 1:200 at 20°C. 
Equilibration = 7d. 
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 There appears to be no significant sorption of Tc(VII) to sand. 
4.2.7 Sandstone 
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Figure 4.17 Mean Tc activity as a function of final pH for sandstone. S:L = 1:200 at 20°C. 
Equilibration = 7d. 
 
Figure 4.17 shows no detectable sorption of Tc(VII) to the sandstone. 
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4.2.8 Kaolin 
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Figure 4.18 Mean Tc activity as a function of final pH for kaolin. S:L = 1:200 at 20°C. 
Equilibration = 7d. 
 
Figure 4.18 shows no apparent sorption of pertechnetate to kaolin. 
4.2.9 Graphic Granite 
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Figure 4.19 Mean Tc activity as a function of final pH for Graphic granite. S:L = 1:200 at 
20°C. Equilibration = 7d. 
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 There is was sorption of Tc(VII) to graphic granite apparent in these systems. 
4.2.10 Rapakivi Granite 
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Figure 4.20 Mean Tc activity as function of pH for Rapakivi granite. S:L = 1:200 at 20°C. 
Equilibration = 7d. 
 
Rapakivi granite shows a similar pattern to graphic granite in that there is no noteworthy 
sorption of Tc(VII) to Rapakivi granite.  
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4.2.11 Biotite Granite 
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Figure 4.21 Mean Tc activity as a function of final pH for biotite granite. S:L = 1:200 at 
20°C. Equilibration = 7d. 
 
Biotite granite shows no significant sorption of Tc(VII).  
4.2.12 Grey Granite 
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Figure 4.22 Mean Tc activity as a function of final pH for grey granite. S:L = 1:200 at 
20°C. Equilibration = 7d. 
 
Figure 4.22 indicates no apparent sorption of Tc(VII) to grey granite 
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The following 6 solids were only tested at pH values of 4, 7 and 10.  
4.2.13 Dolomite 
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Figure 4.23 Mean Tc activity as a function of final pH for dolomite. S:L = 1:200 at 20°C. 
Equilibration = 7d. 
 
 No significant sorption of Tc(VII) was observed to dolomite. 
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4.2.14 Calcite 
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Figure 4.24 Mean Tc activity as a function of final pH for calcite. S:L = 1:200 at 20°C. 
Equilibration = 7d. 
 
Figure 4.24 shows there was no significant sorption of Tc(VII) to the solid. 
4.2.15 Oxfordian Clay 
 
Figure 4.25 Mean Tc activity as a function of final pH for Oxfordian clay. S:L = 1:200 at 
20°C. Equilibration = 7d. 
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 There appears to be no significant sorption of Tc(VII) to Oxfordian clay. 
4.2.16 Illite – Smectite mixed layer 
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Figure 4.26 Mean Tc activity as a function of final pH for illite – smectite mixed layer. S:L 
= 1:200 at 20°C. Equilibration = 7d. 
 
The results shown in figure 4.26 indicate that the illite – smectite mixed layer causes 
significant sorption around pH 6.  
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4.2.17 Illite 
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Figure 4.27 Mean Tc activity as a function of final pH for illite. S:L = 1:200 at 20°C. 
Equilibration = 7d. 
 
Figure 4.27 shows that there is significant sorption of Tc(VII) to the solid. It also indicates 
that the sorption increases as the pH of the solution increases. 
4.2.18 London clay 
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Figure 4.28 Mean Tc activity as a function of final pH for London clay. S:L = 1:200 at 
20°C. Equilibration = 7d. 
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Figure 4.28 indicates no significant sorption was detected form the supernatant above 
London clay. 
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The following 9 sets of data were obtained with Richard Cowell during his third year 
undergraduate project. The solids investigated by Richard were, magnetite, haematite, 
pyrite, ironstone, bentonite, barites, gypsum, shale and andesite. Accurate pH values of 
the control solutions are not known but the initial activity of the solutions was known so 
although the extent to which the pH of the sample drifted in relation to the control 
solutions is not known the amount of sorption can be estimated. 
4.2.19 Magnetite 
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Figure 4.29 Mean Tc activity as a function of final pH for magnetite. S:L = 1:200 at 20°C. 
Equilibration = 7d. 
 
Figure 4.29 indicates that significant sorption at low pH occurs more readily than at higher 
pH values. However, the standard deviation of these results is quite large. This would 
indicate that there is a large experimental error. 
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4.2.20 Haematite 
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Figure 4.30 Mean Tc activity as a function of final pH for haematite. S:L = 1:200 at 20°C. 
Equilibration = 7d. 
 
Sorption of Tc(VII) appears to be more significant at lower pH values when in the 
presence of haematite. 
4.2.21 Pyrite 
 
Figure 4.31 Mean Tc activity as a function of final pH for pyrite. S:L = 1:200 at 20°C. 
Equilibration = 7d. 
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Figure 4.31 indicates that there is significant sorption to Tc(VII) to pyrite as the mean 
values of the solutions are below those of the original solution. 
4.2.22 Ironstone 
270
275
280
285
290
295
300
305
310
315
320
3 4 5 6 7 8 9 10 11
su
pe
rn
at
an
t a
ct
iv
ity
 (cp
m
)
pH
Tc(VII) sorption to ironstone as a function of pH
mean values in the presence of
solid
control solutions
 
Figure 4.32 Mean Tc activity as a function of final pH for ironstone. S:L = 1:200 at 20°C. 
Equilibration = 7d. 
 
Figure 4.32 shows that there is no significant sorption of Tc(VII) to ironstone.  
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4.2.23 Bentonite 
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Figure 4.33 Mean Tc activity as a function of final pH for bentonite. S:L = 1:200 at 20°C. 
Equilibration = 7d. 
 
The results shown in figure 4.33 indicate there is significant sorption of Tc(VII) to 
bentonite as the activity is considerably lower than that of the original solutions. 
4.2.24 Barites 
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Figure 4.34 Mean Tc activity as a function of final pH for barites. S:L = 1:200 at 20°C. 
Equilibration = 7d. 
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There is a higher level of Tc(VII) sorption to barites at higher pH values. 
4.2.25 Gypsum 
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Figure 4.35 Mean Tc activity as a function of final pH for gypsum. S:L = 1:200 at 20°C. 
Equilibration = 7d. 
 
The addition of gypsum to technetium solutions causes the pH of the solution to drift 
towards pH7. Sorption of Tc(VII) to gypsum appears to be more significant at lower pH. 
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4.2.26 Shale 
 
Figure 4.36 Mean Tc activity as a function of final pH for shale. S:L = 1:200 at 20°C. 
Equilibration = 7d. 
 
Figure 4.36 shows that the pH of the solution which contains shale drifts towards pH 7. 
The level of significant sorption of Tc(VII) decreases as the pH of the solutions increases. 
4.2.27 Andesite 
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Figure 4.37 Mean Tc activity as a function of final pH for andesite. S:L = 1:200 at 20°C. 
Equilibration = 7d. 
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When andesite is added to technetium solutions the pH of the solutions drifts towards pH 
9. Sorption of Tc(VII) increases as the pH of the solution increases to pH 9 and above. 
4.3 Summary of Results where significant sorption occurred 
4.3.1 Initial solution pH of 4 
Solid Mean Measured pH Mean Rd (ml g-1) 
Adamelite granite 7.12 ± 0.16 19.4 ± 11 
Montmorillonite 4.08 ± 0.04 189 ± 8.28 
Bentonite 9.6 160 
Gypsum 4.23 ± 0.26 808 ± 249 
Shale 6.12 ± 0.03 514 ± 82.3 
 
Table 4.1. Results for initial pH 4 where significant sorption occurred with Tc(VII) 
4.3.2 Initial solution pH of 7 
Solid Mean measured pH Mean Rd (ml g-1) 
Adamelite granite 7.05 ± 0.08 62.9 ± 38.6 
Montmorillonite 4.15 ± 0.03 44.6 ± 1.38 
Goethite 6.82 ± 0.03 30.6 ± 12.7 
Bentonite 9.94 ± 0.02 176 ± 115 
Gypsum 6.69 ± 0.06 139 ± 169 
Shale 7.10 ± 0.02 197 ± 15.1 
 
Table 4.2. Results for initial pH 7 where significant sorption occurred with Tc(VII) 
4.3.3 Initial solution pH of 10 
Solid Mean Measured pH Mean Rd (ml g-1) 
Goethite 7.54 ± 0.09 35.0 ± 1.93 
Montmorillonite 4.38 ± 0.04 37.2 ± 5.74 
Illite – smectite mixed layer 6.09 ± 0.01 1.08 x 103 ± 784 
Bentonite 9.99 ± 0.13 1.03 x 103 ± 323 
Gypsum 6.98 ± 0.02 234 ± 390 
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Shale 7.48 ± 0.08 122 ± 64.2 
Andesite 9.23 ± 0.04 67.1 ± 250 
 
Table 4.3. Results for initial pH 10 where significant sorption occurred with Tc(VII) 
As can be seen from the data collecting during the investigation of these solids with 
Tc(VII) there are several solids that have shown apparent sorption to Tc(VII). These are 
Montmorillonite, bentonite, gypsum and shale. These solids were found to show sorption 
at an initial pH of 4, 7 and 10. Adamelite granite was observed to have apparent sorption 
at an initial pH of 4 and 7 whereas goethite was produced an apparent sorption at an 
initial pH of 7 and 10. Apparent sorption was observed with illite at pH 10 only. When the 
Rd values were compared with those in the literature it was found that those recorded in 
this investigation were higher than that of those recorded by previous research groups. Rd 
values recorded in this investigation have been found to be in the order of magnitude 10 
– 102 ml g-1 whereas those recorded by Wildung et al.1 were found to be in the range of 
0.007 – 2.8 ml g-1. El-wear et al.2 and Sheppard et al.3 reported Rd values of less than or 
equal to 2 ml g-1 and less than 0.005 ml g-1 respectively. 
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Chapter 5: The Sorption of Tc(IV) to Cementitious Materials 
Associated with a Geological Disposal Facility for Radioactive 
Waste  
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5.0 Introduction 
This chapter is reported in the form of the paper published in the Proceedings of the 
Waste Management Conference, WM2011 Conference, February 27 - March 3, 2011, 
Phoenix, AZ, USA. 
5.1 Sorption of Tc(IV) to Cementitious Materials Associated with a 
Geological Disposal Facility for Radioactive Waste 
Nicholas D. M. Evans, R. J. Hallam and S. L. Jain 
Department of Chemistry, Loughborough University, Loughborough, LE11 3TU, UK 
5.2 Abstract 
Technetium-99 is one of the most important isotopes likely to be disposed of in the 
proposed UK Geological Disposal Facility (GDF) for higher-activity radioactive wastes. 
This is due to its long half-life and high fission yield, and its ability to migrate through the 
geosphere when in its oxidised, pertechnetate form. However, much of the technetium in 
the GDF is likely to be in the lower oxidation state of Tc(IV) due to the low Eh in the near 
field caused by the corrosion of the stainless steel canisters. Therefore, an important 
aspect of the behaviour of technetium in the near- and far-fields of a GDF is its sorption to 
cementitious materials in this reduced oxidation state. Batch sorption experiments have 
been performed on technetium in the presence of Ordinary Portland Cement (OPC), 
Nirex Reference Vault Backfill (NRVB) and Plutonium Contaminated Material Grout 
(PCMG), all of which may be used in a deep geological disposal facility in the UK. Tc(IV) 
solutions were used at trace concentrations from 10-9 to 10-11 mol dm-3 to avoid the 
possibility of precipitation as TcO2. After equilibration, the technetium concentration in the 
supernatant solutions was measured using gamma counting. In these studies, the values 
for the partition coefficient (Rd) were found to range from 70 to 5500 ml g-1. It was 
noticeable that Rd was heavily dependent on pH in all cases. Surface complexation 
modelling of the data generated has been performed. In general, using bidentate surface 
complexation constants in the hyperalkaline region, and a combination of mono- and 
bidentate ones below ca. pH 11.5 give best agreement between models and data. These 
data will inform the performance assessment for the behaviour of technetium in the near-
field of the UK’s planned higher-activity wastes GDF. 
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5.3 Introduction 
The currently preferred UK option for the management of higher-activity radioactive 
wastes is to store them in a deep underground Geological Disposal Facility (GDF). This 
may then be backfilled with the cementitious material Nirex Reference Backfill (NRVB). 
Once closed, the GDF will become saturated with groundwater, and highly alkaline 
porewater will develop with an initial pH of around 13.3, which will decrease to 12.5 as 
groundwater flow dissolves, and removes, sodium and potassium hydroxides. The 
mineral phases in the cement, mainly Portlandite at this stage in its evolution, will act as 
buffers and maintain the pH at 12.5 for ca. 105 years. Corrosion of waste-containing steel 
canisters will lead to the gradual formation of reducing conditions. Thus, the behaviour of 
radionuclides in the waste must be understood in the context of this chemistry [1].  
 
The cementitious backfill and grouts within waste containers will chemically condition the 
porewater to provide a high pH under which the solubility of many radionuclides is low. 
The backfill will also provide a large surface area for radionuclide sorption. The corrosion 
of the steel components of the GDF, e.g. waste containers and some of the waste itself, 
will establish widespread anaerobic conditions at an Eh of about -450 mV (at pH 12.5 and 
25 ºC), controlled by the Fe(II)/Fe(III) couple [2]. 
 
Tc-99, a low energy β emitter (Emax = 0.29 MeV), present in some radioactive waste 
streams from the nuclear industry in the UK as TcO4-, is an important species for 
consideration in the performance assessment of any proposed GDF, due to its high yield 
(6% of fission products) and long half-life (2.1 × 105 years). The aqueous chemistry of 
technetium is dominated by the highly mobile pertechnetate anion (TcO4-) in aerobic 
waters, and by Tc(IV), as TcO2(am) solid, in anaerobic [3]. In the past in the UK, 
technetium was discharged to sea and was thought to disperse widely as it is carried 
from the Irish Sea by the Gulf Stream which flows past the British Isles to the Arctic and 
the Barents Sea. En route, 99Tc accumulates in seaweed [4] and lobsters [5] along the 
Norwegian coastline. It was therefore deemed preferable to remove technetium from 
waste waters prior to their discharge to sea. 
 
During the reprocessing of Magnox fuel, the uranium fuel rods are dissolved in nitric acid. 
One of the waste streams is an aqueous, acidic Tc-containing medium-active liquor. This 
is concentrated by evaporation to produce a medium active concentrate (MAC) at 
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Sellafield [6]. Sodium hydroxide and a flocculating agent are added to the MAC, 
whereupon an insoluble floc forms which contains the main α-emitters. An ion exchange 
reagent is incorporated into the floc and removes additional species, mainly caesium. The 
floc is then dewatered by ultrafiltration prior to encapsulation in steel drums. It is at this 
stage that the Tc is now removed, before the permeate is discharged to sea. The MAC 
floc is now treated with tetraphenylphosphonium bromide (TPPB) to precipitate out the 
technetium as TPPTcO4, to prevent more marine discharges of technetium [7]. 
 
Studies [7] have shown that initially, at high pH, TPPB causes a large reduction in the 
aqueous technetium concentration by precipitating out the pertechnetate anion, but after 
eight weeks the TcO4- solubility reached the inventory concentration of technetium. The 
increase in aqueous technetium was caused by the alkaline degradation of TPPTc, 
releasing TcO4- into solution. So, if TPPTc floc is introduced to a cementitious 
environment, TcO4- will be re–released into the porewaters. Therefore, the reduction of 
Tc(VII) to Tc(IV) will be crucial in restricting technetium escape to the far-field of the GDF. 
Should this reduction take place, the mobility of technetium in the porewaters and backfill 
of the GDF will be controlled by the sorption of technetium(IV) to the main cementitious 
materials used. 
The purpose of this research was to ascertain the sorption behaviour of reduced 
technetium in the presence of two important cementitious materials used, or likely to be 
used’ in a UK GDF. These materials are NRVB and Plutonium Contaminated Materials 
Grout (PCM Grout). Ordinary Portland Cement (OPC) was also used as a reference 
material for comparison purposes. Although the initial pH of the GDF will be high, as 
mentioned above, the pH will gradually decrease with time due to groundwater ingress 
altering the chemistry of the cementitious phases. Thus, the sorption of Tc(IV) to NRVB 
and PCM was studied across a wide range of pH values. This is also important as some 
waste packages will contain sufficient acid to partly neutralise the grouts which have been 
added to immobilise the wastes. 
OPC consists of around 60-65% calcium oxide (CaO), 20-25% silicon oxide (SiO2) and 
small quantities of alumina (Al2O3), ferric oxide (Fe2O3) and gypsum (CaSO4). The PCM 
Grout used in this study was a 3:1 mixture of pulverised fuel ash (PFA) and OPC. NRVB 
is a more complex material, a high porosity cementitious material based on a mixture of 
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ordinary Portland cement (OPC), hydrated lime (calcium hydroxide), limestone flour 
(CaCO3) and water [8]. 
5.4 Experimental 
Ammonium pertechnetate (2 cm3) was placed in a three-necked round bottomed flask 
and made up to 200 cm3 with de-ionised water producing a pertechnetate concentration 
of 6.79 x 10-7 mol dm-3. Sodium hydroxide was then added to produce solutions of the 
required pH. The solution was then purged for two hours with oxygen free nitrogen to 
remove dissolved oxygen from the solution. A vitreous carbon cathode and a platinum 
wire anode were then placed into the cell in a nitrogen glove box with oxygen content less 
than 1 ppm. An electropotential (6 V) was then used to reduce the pertechnetate to 
Tc(IV). It was found that the complete reduction of technetium from Tc(VII) to Tc(IV) could 
be completed overnight. This has allowed production of Tc(IV) aqueous solutions at a 
concentration ~ 1 x 10-9 mol dm-3. Solutions with Tc(IV) concentrations of 1 x 10-10 and 1 
x 10-11 were also prepared, to ensure that precipitation of TcO2 did not occur in any of the 
experiments. At this concentration Tc-99 does not have a high enough specific activity to 
be measured by liquid scintillation counting, so the solutions were spiked with Tc-95m 
which had been prepared by the University of Wisconsin. Tc-95m is a gamma emitter with 
a half-life of 61 days, and with measurable gamma photon energies of 204.1 and 582.1 
keV.  
The ground cements (0.1 g, <180 µm) were weighed into 20 cm3 polypropylene vials. The 
Tc(IV) solutions were added and left for at least one week to equilibrate on a flatbed 
stirrer in the nitrogen glove box. This was done in at least triplicate for each solid, at each 
pH. pH was measured at the end of the equilibration phase. After the equilibration phase, 
a 5 cm3 sample of the supernatant was removed from the vials through a 0.22 µm syringe 
filter with approximately 2 cm3 being weighed into a gamma vial, and counted using a 
Cobra II Autogamma counter. The remaining solution was discarded to waste. No 
evidence of wall sorption or sorption to the filters was detected.  
 
For the surface area measurements, approximately 1 g of each cementitious material 
was dried at 60 oC under vacuum overnight. The solid was then weighed accurately to 4 
decimal places. The BET surface area was then measured on a Micrometrics Gemini VI 
physisorption system [9] at the British Geological Survey. Gemini software was used to 
obtain the BET surface areas. The surface areas were determined to be; NRVB = 24.733 
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± 0.0654 m² g-1; OPC = 0.9898 ± 0.0099 m² g-1 and PCM grout = 23.087 ± 0.2350 m² g-1. 
The cation exchange capacities of each cementitious material were determined by 
titration using a Metrohm Titrando 857 with a Metrohm Dosino 800 dosing unit. 0.3 g of 
solid was used with 60 cm3 of de-ionised water (18 MΩ) to keep the solid solution ratio 
the same as in the sorption experiments, and allow the solution level to sufficiently cover 
the pH probe. The solution was stirred and 2 mol dm-3 hydrochloric acid added drop-wise 
until the pH stabilised at roughly pH 2 - 3 (fully protonated). 0.1 mol dm-3 sodium 
hydroxide solution was added at a rate of 0.1 cm3 min-1 until the pH had risen and 
stabilised above 11 - 12. 
5.5 Results and Discussion 
The aqueous chemistry of Tc(IV) is dominated, in all but highly acidic solutions, by the 
species TcO(OH)2 [10] (figure 1). This species is capable of surface complexation 
reactions by exchange of one or two of the hydroxyl groups. Hence, the sorption 
behaviour observed in this study has been modelled on the basis of mono- or bidentate 
surface complexes. The surface complexation modelling was performed using the 
geochemical speciation code JCHESS [11]. 
 
Figure 6.1 The speciation of Tc(IV) as a function of pH, using the JCHESS code [11]. 
(Total Tc(IV) concentration 10-9 mol dm-3). Thermodynamic data used as in Warwick et al 
[10]. 
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5.5.1 Sorption to OPC 
Sorption onto OPC in the hyperalkaline range (pH = 12 - 13.3) was found to increase with 
pH with Rd values being typically in the range 50 to 270 ml g-1. This indicates some 
degree of surface complexation of Tc(IV) species to the cement phases in OPC in the 
hyperalkaline region (Table I). Relating this to the speciation of Tc(IV) at high pH (figure 
1), shows that this increase in sorption to the solid phases occurs at the same pH values 
at which the anionic TcO(OH)3- species begins to become more significant, and the 
neutral TcO(OH)2(aq) less so. The surmised ligand exchange reactions occurring to form 
the bidentate complex are a significant competitor to the two main aqueous species 
above pH 13. The cement phases will thus provide some retardation of Tc(IV) migration 
in the early stages of the evolution of the GDF. 
 
pH Rd (ml g-1) 
12.17 ± 0.015 55.6 ± 25 
12.21 ± 0.006 86 ± 24 
12.27 ± 0.012 105 ± 1 
12.41 ± 0.006 125 ± 105 
12.50 ± 0.012 71 ± 14 
12.72 ± 0.006 153 ± 25 
13.05 ± 0.006 242 ± 28 
13.28 ± 0.033 270 ± 38 
 
Table 5.1. Partition coefficients, Rd, (ml g-1) for the sorption of Tc(IV) in hyperalkaline conditions to Ordinary Portland 
Cement (OPC) at ambient temperature in an oxygen-free atmosphere (< 1 ppm). Initial Tc(IV) concentrations 10-9 to 10-11 
mol dm-3. S:L = 1:200. Uncertainties shown as ± 1 S.D. 
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It proved possible to model the sorption of Tc(IV) to OPC in the hyperalkaline region 
using a bidentate binding model, for the surface complexation reactions occurring. These 
are described in equations 5.1 to 5.3 below. The model provides a good fit for both the 
maximum Rd values measured and also the trend of increasing complexation with pH 
towards 13.3. The model is shown in figure 2, along with the data and models for NRVB 
and PCM grout which are included for comparison purposes. Error bars have been left 
out of this figure for clarity. Indications of the spread of data can be seen in tables 5.1 – 
5.3). 
 
OPC-OH + H+ ↔ OPC-OH2+     log K = 4.5     (Eq. 5.1) 
OPC-OH ↔ OPC-O- + H+      log K = -9.3 (Eq. 5.2) 
2OPC-OH + TcO2+ + H2O ↔ (OPC-O)2TcO(OH)- + 3H+  log K = -15.39 (Eq.5.3) 
 
 
 
Figure 5.2 Sorption of Tc(IV) as a function of pH to OPC, NRVB and PCM grout in the 
hyperalkaline region described using bidentate surface complexation models. Initial 
Tc(IV) concentrations 10-9 to 10-11 mol dm-3, ambient temperature, < 1 ppm oxygen 
atmosphere, solid to liquid ratio 1:200). Error bars plus/minus one standard deviation. 
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5.5.2 Sorption to NRVB 
Sorption onto NRVB in the hyperalkaline range (pH = 12.44 - 13.06) was found to 
increase with pH with Rd values being typically in the range 380 to 950 ml g-1 (Table 5.2). 
This behaviour is similar to OPC with slightly higher Rd values being measured. This 
suggests that sorption in this pH range is being controlled by similar phases to those 
present in OPC.  
pH Rd (ml g-1) 
3.58 ± 0.05 1573 ± 203 
6.85 ± 0.10 2704 ± 370 
7.60 ± 0.04 5332 ± 1166
8.95 ± 0.00 3864 ± 10 
12.44 ± 0.03 382 ± 25 
12.94 ± 0.00 723 ± 237 
13.06 ± 0.03 937 ± 251 
 
Table 5.2. Partition coefficients, Rd, (ml g-1) for the sorption of Tc(IV) to Nirex Reference Vault Backfill (NRVB) at ambient 
temperature in an oxygen-free atmosphere (< 1 ppm). Initial Tc(IV) concentrations 10-9 to 10-11 mol dm-3. S:L = 1:200). 
Uncertainties shown as ± 1 S.D. 
 
It proved possible to model the sorption of Tc(IV) to NRVB in this region in a similar way 
to that used for OPC by using a bidentate binding model for the proposed surface 
complexation reactions occurring (Equations 5.4 to5.6, and figure 5.2). 
 
NRVB-OH + H+ ↔ NRVB-OH2+     log K = 4.5  (Eq.5.4) 
NRVB-OH ↔ NRVB-O- + H+     log K = -13.3  (Eq.5.5) 
2NRVB-OH + TcO2+ + H2O ↔ (NRVB-O)2TcO(OH)- + 3H+ log K = -1.95  (Eq.5.6) 
 
The designation NRVB-OH indicates the surface groups controlling the sorption in the 
hyperalkaline region for the NRVB system. 
 
At lower pH values (9 to 3.6) similar behaviour is seen to that observed by Grambow et al 
[12], who studied the sorption of Tc(IV) to bentonite from pH 3.5 to 9.5. This behaviour 
manifests itself in a sorption edge from pH 6-7, with maximum sorption occurring in the 
region just above neutral pH. It has not been possible to analyse the exact phases to 
which the Tc(IV) is sorbing, but it has been possible to model its behaviour using two 
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surface complexation constants, one monodentate and one bidentate (Equations 5.7 – 
5.10). The relevant equations are shown below. The designation NS-OH indicates the 
surface groups controlling the sorption to NRVB in the pH region 9 to 3.6. 
NS-OH + H+ ↔ S-OH2+      log K = 8.72  (Eq. 5.7) 
NS-OH ↔ S-O- + H+      log K = -8.3  (Eq. 5.8) 
2NS-OH + TcO2+ + H2O ↔ (NS-O)2TcO(OH)- + 3H+ log K = 3.81  (Eq. 5.9) 
NS-OH + TcO2+ + H2O ↔ NS-OTcO(OH)- + 2H+ log K = 2.47   (Eq. 5.10) 
 
Sorption is described by the monodentate surface complex from pH 3 to 6.5, (figure 5.3) 
after which the bidentate complex becomes predominant. The maximum Rd observed 
was 5332 ± 1166 ml g-1, measured at pH 7.6, although the modelling suggests maximum 
sorption would occur at around pH 8.5. The maximum values measured by Grambow et 
al [12] for sorption of Tc(IV) to bentonite were around 105 ml g-1, but the majority of values 
were ca. 104 ml g-1. Hence, it can be seen that sorption to these particular cementitious 
phases is not quite as strong as to a clay, but the values are not too dissimilar; which 
lends credence to the view that the binding mechanism is similar. Grambow et al also 
found the same pattern of a monodentate complex being predominant in the lower part of 
this range, with the bidentate one best describing sorption at neutral and higher pH 
values. Unfortunately, there is no comparison available in the literature, known to the 
authors, for the hyperalkaline region. 
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Figure 5.3 Sorption of Tc(IV) to NRVB from pH 3.5 to 12 described using a mono- and 
bidentate surface complexation model. Initial Tc(IV) concentrations 10-9 to 10-11 mol dm-3, 
ambient temperature, < 1 ppm oxygen atmosphere, solid to liquid ratio 1:200). Error bars 
plus/minus one standard deviation. 
5.5.3 Sorption to PCM grout 
Sorption onto PCM grout in the hyperalkaline range (pH = 11.7 - 13.1) was again found to 
increase as a function of pH, with Rd values being typically in the range 120 to 660 ml g-1 
(Table III). This behaviour is similar to both the OPC and NRVB systems with slightly 
higher Rd values than for OPC, but lower than NRVB, being measured. This also 
suggests that sorption in this pH range is being controlled by the same phases as are 
present in OPC.  
  
pH Rd (ml g-1) 
3.35 ± 0.03 758 ± 54 
6.17 ± 0.03 1374 ± 365 
6.71 ± 0.05 3871 ± 920 
8.33 ± 0.00 2817 ± 1192 
11.23 ± 0.03 550 ± 137 
11.52 ± 0.00 330 ± 9 
11.76 ± 0.00 136 ± 7 
11.95 ± 0.00 127 ± 1 
12.88 ± 0.02 449 ± 18 
12.99 ± 0.01 470 ± 16 
13.07 ± 0.00 666 ± 55 
 
Table 5.3. Partition coefficients, Rd, (ml g-1) for the sorption of Tc(IV) to Plutonium Contaminated Material grout (PCMG) 
at ambient temperature in an oxygen-free atmosphere (< 1 ppm). Initial Tc(IV) concentrations 10-9 to 10-11 mol dm-3, solid 
to liquid ratio 1:200). Uncertainties shown as ± 1 S.D. 
 
It proved possible to model the sorption of Tc(IV) to PCM in this region using a bidentate 
binding model, for the surface complexation reactions occurring (Equations 5.11 -5.13, 
and figure 5.4). The designation PCMG-OH indicates the surface groups controlling the 
sorption in the hyperalkaline region for the PCM grout system. 
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PCMG-OH + H+ ↔ PCMG-OH2+     log K = 4.5  (Eq. 5.11) 
PCMG-OH ↔ PCMG-O- + H+     log K = -13.0 (Eq. 5.12) 
2PCMG-OH + TcO2+ + H2O ↔ (PCMG-O)2TcO(OH)- + 3H+ log K = -9.88  (Eq. 5.13) 
 
The data are more scattered for PCM grout than for NRVB and proved more difficult to 
interpret, perhaps due to a large influence of the PFA over the cement phases. However, 
at pH values below the hyperalkaline region (11.5 - 3.6) similar behaviour is seen to that 
observed for NRVB. This behaviour again manifests itself in a sorption edge, in this case 
from pH 5-6.5. The best fit model (Equations 5.14-5.17 and figure 5.4) again uses two 
surface complexation constants, one monodentate and one bidentate; log K values are 
given below. The designation PS-OH indicates the surface groups controlling the sorption 
of Tc(IV) to PCM grout from pH 9 to 3.6. 
 
PS-OH + H+ ↔ PS-OH2+      log K = 9.0   (Eq. 5.14) 
PS-OH ↔ S-O- + H+      log K = -9.0   (Eq. 5.15) 
2PS-OH + TcO2+ + H2O ↔ (PS-O)2TcO(OH)- + 3H+ log K = -4.9   (Eq. 5.16) 
PS-OH + TcO2+ + H2O ↔ PS-OTcO(OH)- + 2H+ log K = 1.23   (Eq. 5.17) 
 
Sorption again appears to be controlled by the monodentate surface complex at lower pH 
values, with the bidentate complex more significant above pH 9. The fit of model to data 
is less convincing than for NRVB, with the maximum measured sorption occurring at pH 
6.7, but being predicted by the model to occur at ca. pH 10. However, the measured and 
predicted Rd values are not dissimilar. 
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Figure 5.4 Sorption of Tc(IV) to PCM grout from pH 3.5 to 12 described using a mono- 
and bidentate surface complexation model. Initial Tc(IV) concentrations 10-9 to 10-11 mol 
dm-3, ambient temperature, < 1 ppm oxygen atmosphere, solid to liquid ratio 1:200. Error 
bars plus/minus one standard deviation. 
5.6 Conclusions 
The sorption of Tc(IV) to three cementitious materials has been measured. The values for 
the partition coefficient (Rd) were found to range from 70 to 5500 ml g-1. It was noticeable 
that Rd was heavily dependent on pH in all cases, with a maximum sorption occurring in 
the near-neutral pH range and an increase in sorption above pH 13. In general, modelling 
using bidentate surface complexation constants in the hyperalkaline region, and a 
combination of mono- and bidentate ones below ca. pH 11.5 give best agreement 
between models and data. These data will inform the performance assessment for the 
behaviour of technetium in the near-field of the UK’s planned higher-activity wastes GDF. 
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Chapter 6: The Sorption of Tc(IV) to Geologic Materials 
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6.0 Introduction 
Some of the data and interpretation presented here have been published in “Sorption of 
Tc(IV) to some geologic materials with reference to radioactive waste disposal” Min. 
Mag., 2011, 75(4), 2439–2448, which can be found in full in Appendix 6, but have been 
included in this chapter to support comparison with the currently unpublished data herein. 
 
Within the highly alkaline conditions of the GDF, and at circumneutral pH values, the 
aqueous chemistry of reduced technetium is dominated by TcO(OH)2(aq) as has been 
shown by Warwick et al. This species has been shown by Grambow et al to be capable of 
surface complexation reactions at either one or both of the hydroxyl groups. The JCHESS 
geochemical speciation code has been used to model sorption behaviour on the basis of 
monodentate and/or bidentate binding as a result of one or both of the hydroxyl groups 
being utilised for sorption. 
6.1 Silicate Rocks and Minerals 
6.1.1 Quartz 
Sorption to quartz was found to increase as pH increased from the acidic region to a 
maximum Rd of 1227 ml g-1 at pH 8.71 before decreasing again, with a sorption edge at 
pH 5.5. There was, as with plagioclase feldspar below, no observed increase in sorption 
in the hyperalkaline area. The data are shown in table 6.1. 
 
pH Rd (ml g-1) 
3.42 ± 0.06 7.3 ± 3.4 
5.10 ± 0.04 48 ± 33 
6.51 ± 0.00 388 ± 43 
6.75 ± 0.04 1136 ± 73 
8.71 ± 0.00 1227 ± 12 
11.34 ± 0.00 110 ± 8 
11.64 ± 0.01 66 ± 28 
11.8 ± 0.02 20 ± 6 
12.97 ± 0.01 39 ± 8 
13.14 ± 0.02 11.7 ± 9 
 
Table 6.1. Partition coefficients, Rd, (ml g-1) for sorption of Tc(IV) to quartz at ambient temp. in an O2 free atmosphere (<1 
ppm). Initial Tc(IV) concentrations were 10-9 to 10-11 mol dm-3. S:L = (1:200). Uncertainties shown as ± 1 S.D. 
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It has been possible to describe the sorption of Tc(IV) in the pH range measured (3.4 – 
13.14) using the proposed monodentate and bidentate binding surface complexation 
reactions shown below. The designation Q-OH indicates the surface groups controlling 
the sorption to quartz (figure 6.1). 
 
Q-OH + H+ ↔ Q-OH2+     log K = 16.5   Eq 6.1 
Q-OH ↔ Q-O- + H+      log K = -5.5   Eq 6.2 
Q-OH + TcO2+ + H2O ↔ Q-OTcO(OH)- + 2H+  log K = 1.44   Eq 6.3 
 
 
Figure 6.1 Sorption of Tc(IV) as function of pH for quartz at ambient temp. in an oxygen 
free atmosphere (<1 ppm). Initial Tc(IV) concentrations 10-9 to 10-11 mol dm-3. S:L = 
1:200. Uncertainties shown as ± 1 S.D. 
 
In general bidentate binding models produce a sharp peak for sorption, whereas 
monodentate ones a broader, flatter profile. Of all the pure minerals studied here, the 
experimental data for quartz shows the greatest similarity to a monodentate model. This 
accurately describes the Rd values for all pH values studied, except those in the 11-12 
region, where the model predicts the decrease in sorption with pH to occur around pH 12 
rather than 11. It has not been possible to get model and data to agree in this region. 
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6.1.2 Sand 
When sorption of Tc(IV) to sand was studied it was observed that Rd values were found 
to be some of the lowest recorded in these experiments. The highest Rd of this set of 
experiments was determined to be 111 ml g-1 at a pH of 11.6. This is both an order of 
magnitude lower than that for quartz with the Rd peak also occurring at a higher pH value, 
much further into the alkaline region than for the others. The measured Rd values are 
presented in table 6.2. 
pH Rd (ml g-1) 
3.59 ± 0.23 21 ± 24 
5.16 ± 0.01 11 ± 1 
6.40 ± 0.00 53 ± 12 
6.53 ± 0.01 23 ± 15 
11.64 ± 0.01 111 ± 94 
12.93 ± 0.00 43 ± 24 
13.04 ± 0.00 13 ± 2.5 
13.11 ± 0.01 17 ± 13 
 
Table 6.2. Partition coefficients, Rd, (ml g-1) for the sorption of Tc(IV) to sand at ambient temperature in an O2 free 
atmosphere (<1 ppm). Initial Tc(IV) concentrations 10-9 to 10-11 mol dm-3. S:L = (1:200). Uncertainties ± 1 S.D. 
 
When fitting these data, it was found that the model requires a combination of both mono- 
and bi-dentate binding functions to best describe the experimental data. As can be seen 
from figure 6.2 the monodentate binding function dominates in the pH range of 2 - 10 
showing the characteristic broad flat peak, before the bidentate binding model best 
describes the data in the pH 12 region of the model. There was no observed rise in 
sorption above pH 12.5. The designation S-OH indicates the surface groups controlling 
the sorption to sand (figure 6). 
 
The following equations were used for the surface complexation modelling of the sorption 
of Tc(IV) to sand. 
 
S-OH ↔ S-O- + H+        log K = -11.6  Eq 6.4 
2S-OH + TcO2+ + 2H2O ↔ (S-O)2TcO(OH) + 3H+  log K = -13.18  Eq 6.5 
S-OH + TcO2+ + H2O ↔ S-OTcO(OH)- + 2H+   log K = -5.7   Eq 6.6 
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Grambow et al also found the same pattern of a monodentate complex being 
predominant in the lower part of this range, with the bidentate one best describing 
sorption at neutral and higher pH values, albeit for bentonite. Unfortunately, there is no 
comparison available in the literature for the hyperalkaline region. 
 
 
Figure 6.2 Sorption of Tc(IV) as function of pH for sand at ambient temperature in an O2 
free atmosphere (<1 ppm). Initial Tc(IV) concentrations 10-9 to 10-11 mol dm-3. S:L = 
1:200. Uncertainties shown as ± 1 S.D. 
6.1.3 Sandstone 
When sorption experiments were conducted with sandstone it was found the partition 
coefficient (Rd) increased by an order of magnitude to a maximum of 3337 ml g-1 
compared to that of sand, although this peak was at a lower pH value of 6.24 so bringing 
the trend back to that of the other previous solids studied where the greatest Rd values 
found at near neutral pH values. Data from these experiments can be seen in table 6.3. 
pH Rd (ml g-1) 
3.37 ± 0.03 4.29 ± 3.73 
4.81 ± 0.22 185. ± 44.4 
5.24 ± 0.01 750 ± 126 
6.24 ± 0.06 3340 ± 931 
6.50 ± 0.00 3270 ± 2030 
6.92 ± 0.02 2001 ± 467 
11.7 ± 0.05 120 ± 53.5 
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12.9 ± 0.00 106 ± 23.4 
13.1 ± 0.01 54.2 ± 12.5 
13.1 ± 0.01 79.6 ± 3.22 
 
Table 6.3. Partition coefficients, Rd, (ml g-1) for the sorption of Tc(IV) to sandstone at ambient temperature in an O2 free 
atmosphere (<1 ppm). Initial Tc(IV) concentrations 10-9 to 10-11 mol dm-3. S:L = (1:200). Uncertainties are ± 1 S.D. 
 
It proved possible to fit the results for sandstone using the JChess speciation code and a 
monodentate model; the following fit was produced. 
 
Figure 6.3 Sorption of Tc(IV) as function of pH for sandstone at ambient temp. in an O2 
free atmosphere (<1 ppm). Initial Tc(IV) concentrations 10-9 to 10-11 mol dm-3. S:L = 
1:200. Uncertainties shown as ± 1 S.D. 
 
As can be observed above, there is a datum point which may suggest that the peak is 
actually much sharper than that suggested by this particular model which was achieved 
by using the equations below. Many different models were tested although at the time of 
going to press, the author is unable to find a fit which shows a sharp peak at the low pH 
at which it occurs. The model suggests a similar trend to that found for quartz where the 
sorption capabilities of the sandstone plateaus between pH values of 6.5 – 10 before 
decreasing once the pH has risen above pH 10 tending to hyper alkalinity. It is also 
possible to see that the monodentate modelling dominates over bidentate modelling 
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when combining both models together. The designation SS-OH indicates the surface 
groups controlling the sorption to sandstone (figure 6.3). 
 
SS-OH + H+ ↔ SS-OH2+      log K = 12.5   Eq 6.7 
SS-OH ↔ SS-O- + H+       log K = -1.7   Eq 6.8 
2SS-OH + TcO2+ + 2H2O ↔ (SS-O)2TcO(OH) + 3H+  log K = 3.05   Eq 6.9 
SS-OH + TcO2+ + H2O ↔ SS-OTcO(OH)- + 2H+   log K = 5.63   Eq 6.10 
 
From observing the results obtained experimentally for silicates, it can be seen that in 
most cases the Rd is found to peak at near neutral pH. In the case of sand and quartz, the 
experimentally data shows a plateaux region that the mirrored by the monodentate and 
combined mono- and bi-dentate models. However, although the Rd values for quartz 
decrease after this plateaux those of sand increased which is predicted when using a bi-
dentate model. For sandstone, the Rd value peak was much more defined and although 
the increasing slope of the models coincided with the experimental data it was discovered 
that it is difficult to model such a sharp peak. 
6.1.4 Overview 
When reviewing the results obtained for silicate rocks and minerals it can be observed 
that it has been possible to fit models for these solids, and that the highest sorption 
occurred when using sandstone followed by quartz and finally sand. This increase for 
sandstone may be caused by small quantities of feldspar, or other impurities, being 
present in the material incorporated during the formation of the sandstone used in these 
experiments. The modelling of these solids has shown that using a mono-dentate model 
has proved to be the most suitable to use and covers the data points that have been 
plotted at lower and near neutral pH values before the bi-dentate model takes over in the 
alkaline pH range which is also evident in the results for sand. The data for sand has 
shown that the highest level of sorption was found to be at pH 11.64. This maximum has 
been found to be an order of magnitude lower than that both sandstone and quartz. 
However, the Rd value at this pH is comparable to Rd values at this pH of sandstone and 
quartz. 
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6.2 Iron Minerals 
6.2.1 Haematite 
The partition coefficient (Rd) for the sorption of Tc(IV) to haematite followed a rising trend 
from 10 ml g-1 at pH 5 to a peak at pH 6.6 of 5.4 x 103 ml g-1, the sorption edge being 
found at pH 5.5. From the peak at pH 6.6 the degree of sorption decreased as a function 
of pH to a trough at around pH 11 to 12 (Rd ca. 250 - 300 ml g-1), before rising again in 
the hyperalkaline region (> pH 12). The table 6.4 shows the full set of data. 
 
 
pH Rd (ml g-1) 
5.06 ± 0.32 10.5 ± 2 
5.92 ± 0.09 2610 ± 272 
6.58 ± 0.01 5418 ± 2384 
6.71 ± 0.00 3334 ± 932 
10.1 ± 0.00 336 ± 10 
11.11 ± 0.02 271 ± 2 
11.68 ± 0.11 253 ± 137 
12.93 ± 0.01 341 ± 114 
13.00 ± 0.00 482 ± 25 
13.11 ± 0.00 1197 ± 65 
 
Table 6.4. Partition coefficients, Rd, (ml g-1) for the sorption of Tc(IV) to haematite at ambient temperature in an O2 free 
atmosphere (<1 ppm). Initial Tc(IV) concentrations 10-9 to 10-11 mol dm-3. S:L = (1:200). Uncertainties shown as ± 1 S.D. 
 
As can be seen from table 6.4, these data have a larger amount of scatter at the higher 
sorption values, which is where the supernatant concentrations measured are at their 
lowest. Nevertheless, the trend is still clear. The lack of data in the pH range of 7-10 was 
due to the buffering capability of the solid phase used in the experiments. This is a 
recurring theme throughout the sorption experiments conducted. The data from pH 3 to 
12 have been modelled using the JChess speciation code and a monodentate binding 
approach, using the following surface complexation reaction equations. The designation 
HAEM-OH indicates the surface groups controlling the sorption in the pH region 5 to 12. 
The nature of the surface groups has not been investigated, but it has been assumed 
they can best be represented by S-OH, where S represents, for example, Si or Fe or Al 
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atoms etc. It has further been assumed that the OH surface group can be deprotonated, 
and the constants for these deprotonation equilibria were measured as stated above. 
 
HAEM-OH + H+ ↔ HAEM-OH2+      log K = 8.5   Eq 6.11 
HAEM-OH ↔ HAEM-O- + H+      log K = -7.0   Eq 6.12 
HAEM-OH + TcO2+ + H2O ↔ HAEM-OTcO(OH)- + 2H+  log K = 0.8   Eq 6.13 
 
The model is shown in figure 6.4. Describing the increase in sorption in the hyperalkaline 
region requires a different set of surface complexation equations, suggesting a change in 
binding site has occurred. The constant (log K = 0.8) was determined as one of the fitting 
parameters in the model. 
Sorption onto haematite in the hyperalkaline range (pH = 12 - 13.3) was found to increase 
with pH with Rd values being typically in the range 300 to 1200 ml g-1. This indicates 
some degree of surface complexation of Tc(IV) species to haematite in the hyperalkaline 
region (Table 6.4). Relating this to the speciation of Tc(IV) at high pH (figure 6.4), shows 
that this increase in sorption to the solid phases occurs at the same pH values at which 
the anionic TcO(OH)3-(aq) species begins to become more significant, and the neutral 
TcO(OH)2(aq) less so. The surmised ligand exchange reactions occurring to form the 
bidentate complex are a significant competitor to the two main aqueous species above 
pH 13. The term bidentate complex has been used to describe binding by a Tc=O moiety 
to 2 deprotonated surface hydroxyl groups, in a surface complexation reaction. The 
modelling for the hyperalkaline area is discussed later. 
 
Ricky Hallam 
 163
 
Figure 6.4 Sorption of Tc(IV) as function of pH for haematite at ambient temp. in an O2 
free atmosphere (<1 ppm). Initial Tc(IV) concentrations 10-9 to 10-11 mol dm-3. S:L = 
1:200. Uncertainties shown as ± 1 S.D. 
6.2.2 Goethite 
The data for the sorption of Tc(IV) to goethite followed a similar trend to haematite, i.e. 
with an increase in pH from mildly acidic to circumneutral pH the partition coefficient (Rd) 
rises from 85 ml g-1 at pH 6.7 to a peak Rd value of 2.15 x 105 ml g-1 at pH 6.8. The peak 
value for goethite was found to be around 3 times higher than that for haematite, and 
there was again a slight rise in the degree of sorption in the hyperalkaline area. The 
sorption data obtained are shown in table 6.5. 
pH Rd (ml g-1) 
5.71 ± 0.03 85 ± 40 
6.07 ± 0.12 546 ± 58 
6.49 ± 0.03 1150 ± 260 
6.60 ± 0.01 1250 ± 99 
6.78 ± 0.03 6990 ± 4850 
6.83 ± 0.01 21500 ± 10500 
7.82 ± 0.02 3040 ± 124 
12.9 ± 0.00 607 ± 54 
12.95 ± 0.00 462 ± 55 
13.00 ± 0.00 981 ± 67 
 
Table 6.5. Partition coefficients, Rd, (ml g-1) for the sorption of Tc(IV) to goethite at ambient temperature in an O2 free 
atmosphere (<1 ppm). Initial Tc(IV) concentrations 10-9 to 10-11 mol dm-3. S:L = (1:200). Uncertainties shown as ± 1 S.D. 
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The data were best described using a bidentate binding model, which is shown in figure 
6.5, with the relevant equations shown below also. The fit of the model is not as good as 
for hematite, with the peak being predicted to occur at a slightly higher pH than was 
indicated by the data (c.f. haematite), but the maximum Rd value is predicted reasonably 
well. This suggests the binding mechanism to goethite is a little more complex than to 
haematite. The following equations were used in surface complexation modelling. 
 
GOET-OH + H+ ↔ GOET-OH2+     log K = 9.0   Eq 6.14 
GOET-OH ↔ GOET-O- + H+     log K = -6.2   Eq 6.15 
2GOET-OH + TcO2+ + H2O ↔ (GOET-O)2TcO(OH)- + 3H+ log K = 8.93   Eq 6.16 
 
At lower pH values (3.6 to 9) similar behaviour is seen to that observed by Grambow et al 
(2006), who studied the sorption of Tc(IV) to bentonite from pH 3.5 to 9.5. This behaviour 
manifests itself in a sorption edge from pH 6-7, with maximum sorption occurring in the 
region around neutral pH. The maximum values measured by Grambow et al (2006) for 
sorption of Tc(IV) to bentonite were around 105 ml g-1, but the majority of values were ca. 
104 ml g-1. Hence, it can be seen that sorption to these particular materials is not quite as 
strong as to a clay, but the values are not too dissimilar; which lends credence to the view 
that the binding mechanism is similar. 
 
 
Ricky Hallam 
 165
Figure 6.5 Sorption of Tc(IV) as function of pH for goethite at ambient temp. in an O2 free 
atmosphere (<1 ppm). Initial Tc(IV) concentrations 10-9 to 10-11 mol dm-3. S:L = 1:200. 
Uncertainties shown as ± 1 S.D. 
 
Sorption to goethite in the hyperalkaline range (pH = 12 - 13.3) was found to increase 
with pH with Rd values being typically in the range 400 to 900 ml g-1, although there was 
not such a clear trend as with haematite. This again indicates some degree of surface 
complexation of Tc(IV) species in the hyperalkaline region. This is modelled in a later 
section of this paper. The Rd for goethite was found to be an order of magnitude higher 
than that of haematite with observed Rd values of 21500 ml g-1 and 5480 ml g-1 
respectively. When modelling was attempted on these solids it was noticeable that the 
model for goethite matches far more closely to the experimental data than that of 
haematite. Although the model for haematite matches closely with increase in Rd for 
haematite, the model then increases well beyond that of the experimental data observed. 
6.3 Other Geologic Materials 
6.3.1 Plagioclase Feldspar 
The sorption of Tc(IV) to plagioclase feldspar, even at its maximum is considerably less 
significant than to the two iron minerals considered in this section. The maximum Rd 
value being 1375 ml g-1 compared to that of goethite which is more than an order of 
magnitude higher. It was also observed that the highest Rd measured occurred at the 
slightly higher pH of 7.17. Table 6.6 shows the full results. There was no observed 
increase in sorption in the hyperalkaline area, suggesting that the surface sites to which 
the Tc(IV) was binding were not changing significantly with pH, and that the aqueous 
speciation of Tc(IV) was the controlling parameter at high pH. It has not been possible to 
analyse the exact phases to which the Tc(IV) is sorbing, but it has been possible to model 
its behaviour using bidentate surface complexation constants. The relevant surface 
complexation reactions are shown below. The designation PF-OH indicates the surface 
groups controlling the sorption to plagioclase feldspar. 
 
pH Rd (ml g-1) 
3.37 ± 0.06 4.3 ± 1.6 
5.20 ± 0.00 44 ± 11 
6.31 ± 0.01 808 ± 117 
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7.17 ± 0.09 1380 ± 267 
11.7 ± 0.00 59 ± 9 
11.8 ± 0.00 54 ± 5 
12.9 ± 0.04 88 ± 26 
13.1 ± 0.00 23 ± 3 
13.1 ± 0.00 34 ± 19 
 
Table 6.6. Partition coefficients, Rd, (ml g-1) for the sorption of Tc(IV) to plagioclase feldspar at ambient temperature in an 
O2 free atmosphere (<1 ppm). Initial Tc(IV) concentrations 10-9 to 10-11 mol dm-3. S:L = (1:200). Uncertainties ± 1 S.D. 
 
When fitting the data the following equations were used to describe the data best: 
PF-OH + H+ ↔ PF-OH2+      log K = 6.5   Eq 6.17 
PF-OH ↔ PF-O- + H+      log K = -6.5   Eq 6.18 
2PF-OH + TcO2+ + H2O ↔ (PF-O)2TcO(OH)- + 3H+  log K = 1.9   Eq 6.19 
 
The bidentate binding model provides a good correlation to the experimental data, as can 
be seen in the figure 6.6. 
 
 
Figure 6.6 Sorption of Tc(IV) as function of pH for plagioclase feldspar at ambient 
temperature in an O2 free atmosphere (<1 ppm). Tc(IV) concentrations 10-9 to 10-11 mol 
dm-3. S:L = 1:200. Uncertainties ± 1 S.D. 
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6.3.2 Orthoclase feldspar 
Orthoclase feldspar was investigated as part of this research as it was found to be a 
constituent of the granite samples which are evidenced later in this chapter. The 
maximum Rd value recorded was found to be 54 ml g-1 and was found to occur at pH 5.8. 
The trend of sorption is similar to that of plagioclase feldspar where by the sorption 
increases as pH increases to near neutral conditions before decreasing as pH conditions 
increase towards hyperalkalinity. The data are displayed in table 6.7. 
 
pH Rd (ml g-1) 
5.41 ± 0.00 28 ± 6 
5.52 ± 0.07 41 ± 7 
5.80 ± 0.01 54 ± 27 
5.86 ± 0.00 24 ± 8 
11.82 ± 0.02 19 ± 2 
 
Table 6.7 Partition coefficients, Rd, (ml g-1) for the sorption of Tc(IV) to orthoclase feldspar at ambient temperature in an 
O2 free atmosphere (<1 ppm). Initial Tc(IV) concentrations 10-9 to 10-11 mol dm-3. S:L = (1:200). Uncertainties ± 1 S.D. 
 
As can be seen the Rd values for orthoclase feldspar are lower than those for plagioclase 
feldspar but the trend was similar. Figure 6.7 shows that it has been possible to model 
the sorption of Tc(IV) to orthoclase feldspar using JCHESS speciation codes. The 
equations 6.20 – 6.23 are those used to model the experimental data 
 
K-Feld-OH + H+ ↔ K-Feld-OH2+     log K = 13.5   Eq 6.20 
K-Feld-OH ↔ K-Feld-O- + H+     log K = -0.2   Eq 6.21 
K-Feld-OH + TcO2+ + H2O ↔ K-Feld-OTcO(OH)- + 2H+ log K = -5.2   Eq 6.22 
2K-Feld-OH + TcO2+ + H2O ↔ (K-Feld-O)2TcO(OH)- + 3H+ log K = -3.8   Eq 6.23 
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Figure 6.7 Sorption of Tc(IV) as function of pH for orthoclase feldspar at ambient 
temperature in an O2 free atmosphere (<1 ppm). Tc(IV) concentrations 10-9 to 10-11 mol 
dm-3. S:L = 1:200. Uncertainties ± 1 S.D. 
6.3.3 Limestone  
 
Figure 6.8. Tc(IV) sorption to limestone as a function of pH. 
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The Rd values for limestone were found to increase as the pH of the system increased to 
~ 8 before decreasing as the pH tended towards hyperalkalinity. The data used to 
produce the plot in figure 6.8 can be seen in table 6.8. 
 
pH Rd (ml g-1) 
6.73 ± 0.04 472 ± 215 
7.18 ± 0.09 1760 ± 1645 
7.38 ± 0.07 4040 ± 1982 
8.44 ± 0.13 11000 ± 7450 
8.85 1589 
11.7 ± 0.05 200 ± 194 
11.8 ± 0.00 211 ± 17.2 
12.9 ± 0.00 131 ± 38.3 
13.1 ± 0.00 80.6 ± 35.0 
13.1 ± 0.00 125 ± 38.6 
 
Table 6.8. Partition coefficients, Rd, (ml g-1) for the sorption of Tc(IV) to limestone at ambient temperature in an O2 free 
atmosphere (<1 ppm). Initial Tc(IV) concentrations 10-9 to 10-11 mol dm-3. S:L = (1:200). Uncertainties shown as ± 1 S.D.. 
 
When trying to model the data relating to limestone it was found that the bidentate model 
fitted the laboratory obtained data the most closely. The sorption edge begins at pH ~ 7 
which is in line with the trend found with the majority of the solids tested in these 
experiments, where the buffering capacity of the solid has buffered the pH to ~7. Once 
the maximum Rd has been reached it decreases as the pH tends to the hyperalkaline 
region. The following speciation equations were used when modelling the data using the 
JChess speciation codes where the designation PF-OH indicates the surface groups 
controlling the sorption to limestone. 
 
Lime-OH + H+ ↔ PF-OH2+      log K = -2.97  Eq 6.24 
Lime-OH ↔ PF-O- + H+      log K = -8.71  Eq 6.25 
2Lime-OH + TcO2+ + H2O ↔ (Lime-O)2TcO(OH)- + 3H+ log K = 6.59   Eq 6.26 
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Figure 6.9 Sorption of Tc(IV) as function of pH for limestone at ambient temp. in an O2 
free atmosphere (<1 ppm). Initial Tc(IV) concentrations 10-9 to 10-11 mol dm-3. S:L = 
1:200. Uncertainties shown as ± 1 S.D. 
6.3.4 Shale  
The degree of sorption of Tc(IV) to shale peaked at an Rd value of 4236 ml g-1 at pH 7.14. 
The full data plot combined with the model can be seen below. Again a slight rise in 
sorption was found in the hyperalkaline region. 
 
 
 
 
pH Rd (ml g-1) 
4.90 ± 0.05 37 ± 0.6 
5.53 ± 0.03 108 ± 28 
5.6 ± 0.01 1552 ± 387 
6.44 ± 0.02 2501 ± 3149 
6.51 ± 0.02 3681 ± 3433 
7.14 ± 0.02 4236 ± 583 
12.93 ± 0.00 385 ± 38 
13.04 ± 0.01 398 ± 39 
13.10 ± 0.01 712 ± 32 
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Table 6.9. Partition coefficients, Rd, (ml g-1) for the sorption of Tc(IV) to shale at ambient temperature in an oxygen free 
atmosphere (<1 ppm). Initial Tc(IV) concentrations 10-9 to 10-11 mol dm-3. S:L = (1:200). Uncertainties shown as ± 1 S.D. 
 
 
Figure 6.10 Sorption of Tc(IV) as function of pH for shale at ambient temperature in an O2 
free atmosphere (<1 ppm). Initial Tc(IV) concentrations 10-9 to 10-11 mol dm-3. S:L = 
1:200. Uncertainties shown as ± 1 S.D. 
 
As can be seen above, when using mono- and bi-dentate surface complexation reactions 
the model produced is very close to the measured data. The equations used in the model 
are shown below. SH-OH indicates the surface groups controlling the sorption to shale. 
 
SH-OH + H+ ↔ SH-OH2+      log K = 4.5   Eq 6.27 
SH-OH ↔ SH-O- + H+       log K = -7.1   Eq 6.28 
2SH-OH + TcO2+ + 2H2O ↔ (SH-O)2TcO(OH) + 3H+  log K = 1.56   Eq 6.29 
SH-OH + TcO2+ + H2O ↔ SH-OTcO(OH)- + 2H+  log K = -5.2   Eq 6.30 
6.5.3 Overview 
In the case of limestone shale and feldspar it has been shown that limestone has the 
highest Rd of 11 000 ml g-1 with shale having an Rd of 4 236 ml g-1 and feldspar having an 
Rd of 1 380 ml g-1. It was found that when modelling these solids, using JCHESS, that all 
of the solids were best modelled using a bi-dentate modelling approach indicating that Tc 
atom binds to two sorption sites. It is also observed that the highest sorption again 
occurred at near neutral pH values. The models produced coincide with the sorption front 
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of the experimental data. The indication of the model that bi-dentate sorption is of 
interest, as this may increase how tightly bound the reduced technetium becomes when 
sorbed to the solid in question, so increasing the time that the technetium will remain in 
the GDF. 
6.4 Clays and Clay Minerals 
6.4.1 Bentonite 
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Figure 6.11 Tc(IV) sorption as function of pH for bentonite at ambient temperature in an 
O2 free atmosphere (<1 ppm). Initial Tc(IV) concentrations 10-9 to 10-11 mol dm-3. S:L = 
1:200. Uncertainties shown as ± 1 S.D. 
 
Sorption of Tc(IV) to bentonite was highest at around pH 8.5 at a concentration of 10-10 
mol dm-3. Again the samples were left to equilibrate once the solution had been added so 
it is evident that there is a natural buffering capacity of the solid which alters the pH. The 
Rd values for bentonite are much higher than those for montmorillonite but are 
comparable with illite and slightly higher than the illite – smectite mixed layer Rd values. 
pH Rd (ml g-1) 
3.99 ± 0.15 19 ± 7 
5.22 ± 0.03 42 ± 19 
5.33 ± 0.03 104 ± 107 
5.41 ± 0.01 590 ± 20 
6.44 ± 0.00 1225 ± 163 
Ricky Hallam 
 173
7.75 ± 0.09 6328 ± 1821 
8.24 ± 0.02 3131 ± 952 
8.47 ± 0.00 3273 ± 545 
8.77 ± 0.06 11011 ± 2360 
9.15 ± 0.00 368 ± 120 
10.51 ± 0.00 295 ± 29 
12.43 ± 0.00 151 ± 47 
12.97 ± 0.00  241 ± 27 
13.15 ± 0.00 356 ± 91 
 
Table 6.10. Partition coefficients, Rd, (ml g-1) for the sorption of Tc(IV) to sandstone at ambient temperature in an O2 free 
atmosphere (<1 ppm). Initial Tc(IV) concentrations 10-9 to 10-11 mol dm3. S:L = (1:200). Uncertainties are shown as ± 1 S.D. 
 
 
Figure 6.12 Sorption of Tc(IV) as a function of pH for bentonite at ambient temp. in an O2 
free atmosphere (<1 ppm). Initial Tc(IV) concentrations 10-9 to 10-11 mol dm-3. S:L = 
1:200. Uncertainties shown as ± 1 S.D. 
 
As can be observed in figure 6.12 above, it has been possible to fit a curve to the data 
using a bi-dentate binding model. The model suggests that sorption to bentonite again 
increases to a maximum at near-neutral pH before decreasing once the pH tends towards 
alkalinity. Bent-OH indicates the surface groups controlling sorption to bentonite. 
 
Bent-OH + H+ ↔ Bent-OH2+     log K = 4.5   Eq 6.31 
Bent-OH ↔ Bent-O- + H+       log K = -7.9   Eq 6.32 
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Bent-OH + TcO2+ + 2H2O ↔ (Bent-O)2TcO(OH) + 3H+  log K = 3.0   Eq 6.33 
Bent-OH + TcO2+ + H2O ↔ Bent-OTcO(OH)- + 2H+  log K = 2.38   Eq 6.34 
6.4.2 Montmorillonite 
 
Figure 6.13 Sorption of Tc(IV) as function of pH for montmorillonite at ambient 
temperature in an O2 free atmosphere (<1 ppm). Tc(IV) concentrations 10-9 to 10-11 mol 
dm-3. S:L = 1:200. Uncertainties ± 1 S.D. 
 
pH Rd (ml g-1) 
4.28 ± 0.03 863 ± 294 
4.48 ± 0.05 60.3 ± 2.57 
5.00 ± 0.05 661 ± 440 
6.35 ± 0.03 2830 ± 1564 
6.46 ± 0.02 1620 ± 1790 
6.70 ± 0.02 577 ± 795 
6.89 ± 0.02 19.3 ± 1.99 
10.3 ± 0.11 162 ± 1.18 
12.8 ± 0.03 72.1 ± 13.2 
12.9 ± 0.02 71.3 ± 10.8 
13.0 ± 0.01 110 ± 7.31 
 
Table 6.11. Partition coefficients, Rd, (ml g-1) for sorption of Tc(IV) to montmorillonite at ambient temperature in an O2 free 
atmosphere (<1 ppm). Initial Tc(IV) concentrations 10-9 to 10-11 mol dm-3. S:L = (1:200). Uncertainties shown as ± 1 S.D. 
 
The peak Rd value is observed at a pH of 6.35. This set of sorption experiments have 
proved to follow the same trend as the previous bentonite experiment where the Rd rises 
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with pH until near neutral conditions before falling once the pH tends towards alkalinity. 
This can be seen in the table 6.11 above. It has proved possible to fit the data for 
montmorillonite, by using both the mono- and bi-dentate complexation equations. This 
model has, however, produced a much sharper peak than previous models of this type 
have been used. This plot can be seen below along with the equations and parameters 
used. As can be seen in figure 6.14, the model fits very well with the experimental data 
obtained from the laboratory experiments.  
 
Figure 6.14 Sorption of Tc(IV) as function of pH to montmorillonite at ambient temp. in an 
O2-free atmosphere (<1 ppm). Tc(IV) concentrations 10-9 to 10-11 mol dm-3. S:L = 1:200. 
Uncertainties ± 1 S.D. 
 
Mont-OH indicates the surface groups controlling the sorption to montmorillonite. 
Mont-OH + H+ ↔ Mont-OH2+     log K = 4.5   Eq 6.35 
Mont-OH ↔ Mont-O- + H+       log K = -5.8   Eq 6.36 
2Mont-OH + TcO2+ + 2H2O ↔ (Mont-O)2TcO(OH) + 3H+ log K = -3.4   Eq 6.37 
Mont-OH + TcO2+ + H2O ↔ Mont-OTcO(OH)- + 2H+  log K = -5.2   Eq 6.38 
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6.4.3 Illite 
 
Figure 6.15 Tc(IV) sorption to illite as function of pH at ambient temperature in an O2 free 
atmosphere (<1 ppm). Initial Tc(IV) concentrations 10-9 to 10-11 mol dm-3. S:L = (1:200). 
Uncertainties shown as ± 1 S.D. 
 
The increasing Rd to 14 603 ml g-1 at near neutral pH follows the general trend to that of 
the previous solids tested up to this point. Again it was found that there was high error 
associated with the peak Rd value measured. 
 
pH Rd (ml g-1) 
3.43 ± 0.09 8.20 ± 3.75 
5.16 ± 0.04 29.6 ± 5.34 
5.33 ± 0.03 911. ± 68.1 
6.36 ± 0.04 5840 ± 1730 
7.62 ± 0.10 14600 ± 3940 
11.6 ± 0.07 173. ± 98.1 
13 ± 0.00 214 ± 6.39 
13.2 ± 0.01 222 ± 84.7 
 
Table 6.12. Partition coefficients, Rd, (ml g-1) for the sorption of Tc(IV) to illite at ambient temperature in an oxygen free 
atmosphere (<1 ppm). Initial Tc(IV) concentrations were 10-9 to 10-11 mol dm-3. S:L = (1:200). Uncertainties ± 1 S.D. 
 
The sorption of Tc(IV) to illite has proved difficult to model to the same level of accuracy 
as some of the other solids that have been experimentally tested and modelled in this 
study. The experiments again show that there is a trend in the results to rise as pH rises 
Ricky Hallam 
 177
and then decrease again once alkaline conditions become dominant. The lower and 
upper sorption edges can be found at pH ~5 and ~10 respectively. As can be observed in 
figure 6.16, the closest fit to the lower sorption edge has been found to be the initial slope 
of the monodentate binding model. The lower sorption edge can be modelled using both 
mono- and bi-dentate modelling equation, but in both cases the upper sorption edge does 
not match that of the experimental data. However, when the model is used to model the 
upper edge the model then moves away from the lower sorption edge. When both models 
are combined it has found that the mono-dentate model dominates the shape of the 
model and once the effect of the bi-dentate has dropped below that of the mono-dentate 
model then the curve stays true to that of the mono-dentate model. 
 
 
Figure 6.16 Sorption of Tc(IV) as function of pH for illite at ambient temperature in an O2 
free atmosphere (<1 ppm). Initial Tc(IV) concentrations 10-9 to 10-11 mol dm-3. S:L = 
1:200. Uncertainties shown as ± 1 S.D. 
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6.4.4 Smectite – Illite mixed layer 
 
Figure 6.17 Sorption of Tc(IV) as function of pH for smectite/illite at ambient temp. in an 
O2 free atmosphere (<1 ppm). Initial Tc(IV) concentrations 10-9 to 10-11 mol dm-3. S:L = 
1:200. Uncertainties shown as ± 1 S.D. 
 
The degree of sorption of technetium (IV) to the illite-smectite mixed layer, was much 
lower than that of illite. The highest Rd value was found to be 8072 ml g-1 and was also 
found at a slightly lower pH, 5.1, compared to other solids that have been previously 
mentioned where sorption peaks at a pH much closer to neutral conditions. 
 
pH Rd (ml g-1) 
3.58 ± 0.20 28.1 ± 22.5 
4.84 ± 0.02 187. ± 34.9 
4.94 ± 0.01 563. ± 95.0 
5.10 ± 0.05 8073 ± 5870.23 
6.34 ± 0.04 5440 ± 3200 
6.50 ± 0.00 238 ± 103 
11.5 ± 0.03 151 ± 66.5 
13.0 ± 0.00 124 ± 70.6 
13.1 ± 0.00 209. ± 40.0 
13.2 ± 0.00 73.5 ± 2.68 
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Table 6.13. Partition coefficients, Rd, (ml g-1) for the sorption of Tc(IV) to smectite at ambient temperature in an O2 free 
atmosphere (<1 ppm). Initial Tc(IV) concentrations 10-9 to 10-11 mol dm-3. S:L = (1:200). Uncertainties shown as ± 1 S.D. 
 
 
Figure 6.18 Sorption of Tc(IV) as a function of pH for illite-smectite mixed layer at ambient 
temp. in an O2 free atmosphere (<1 ppm). Tc(IV) concentrations 10-9 to 10-11 mol dm-3. 
S:L = 1:200. Uncertainties ± 1 S.D. 
 
When modelling the experimental results for illite-smectite mixed layer the same shape 
curves as illite is achieved, though the Rd values are considerably lower. This would 
suggest that although illite is the major contributor to the sorption of Tc(IV) the smectite 
have significantly reduced the sorption of Tc(IV). As can be seen in figure 6.18 the 
monodentate section of the modelling curves fits the experimental data at the lower 
sorption edge very well and also at the extreme alkaline conditions. However, the data 
values at pH ~11 are not modelled so closely. 
 
The partition coefficient for Tc(IV) to montmorillonite was found to be much lower than 
those of the other clays that were used in this study. The Rd values for montmorillonite 
were observed to peak at 2830 ml g-1 where as those for illite observed to be much higher 
peaking at approximately 15000 ml g-1. The illite-smectite mixed layer peak Rd was 
observed to be 8072 ml g-1 and bentonite slightly higher at ~ 12000 ml g-1. 
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6.4.5 Overview 
When evaluating the data obtained for clays and clay minerals it can be seen that the Rd 
values for these solids are an order of magnitude higher at near neutral pH than those of 
silicate solids. Again the use of a mono-dentate model was the most suitable for the data 
obtained when performing sorption experiments with reduced technetium with the 
sorption front corresponding to the model produced very closely. The maximum Rd for the 
clays was found to be associated with illite. When comparing the sorption of illite and the 
illite-smectite mixed layer it can be seen that the maximum Rd for illite occurs at a slightly 
higher pH but after this pH value the Rd values compare very well. The hydroxide groups 
that are present in the clay solids may have contributed to the increased sorption as 
these groups are those expected to sorb most readily to the reduced technetium present 
in solution. 
6.5 Igneous Rocks 
6.5.1 Basalt 
Basalt was modelled as consisting of one uniform surface with one mono- and one 
bidentate binding constant representing the mean of sites. Two of the igneous rocks 
described in this section have been modelled using an additive approach based on their 
composition, i.e. binding constants from the single minerals sections above have been 
used to sum the overall sorption behaviour of the bulk rock. 
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Figure 6.19 Sorption of Tc(IV) to basalt as a function of pH. 
 
The results for basalt show that Rd again increases with the pH of the supernatant 
solution from the acidic region to near neutral pH, before decreasing again once 
hyperalkaline conditions have been reached. However, there are large error bars 
associated with the highest Rd value. This datum point might be an outlier, although it 
was possible to model this point when using JChess speciation codes. The data for figure 
6.19 can be seen in table 6.14. 
 
pH Rd (ml g-1) 
3.80 ± 0.10 18.7 ± 6.79 
5.24 ± 0.02 445 ± 48.3 
5.42 ± 0.00 2780 ± 618 
6.38 ± 0.00 4440 ± 1100 
6.52 ± 0.01 6980 ± 996 
7.92 ± 0.08 11300 ± 5460 
11.6 ± 0.05 207 ± 103 
13.0 ± 0.00 187 ± 32.9 
13.15 ± 0.01 150 ± 18.2 
 
Table 6.14. Partition coefficients, Rd, (ml g-1) for the sorption of Tc(IV) to basalt at ambient temperature in an oxygen free 
atmosphere (<1 ppm). Initial Tc(IV) concentrations 10-9 to 10-11 mol dm-3. S:L = (1:200). Uncertainties ± 1 S.D. 
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Figure 6.20 Sorption of Tc(IV) as function of pH for basalt at ambient temperature in an 
O2 free atmosphere (<1 ppm). Initial Tc(IV) concentrations 10-9 to 10-11 mol dm-3. S:L = 
1:200. Uncertainties shown as ± 1 S.D. 
 
On attempting to model these data, it has proved difficult to fit the results obtained as can 
be seen from the above figure 6.20. The model is quite clearly away from the data points 
plotted. The best fit produced was that of a monodentate model, where the lower sorption 
of edge and plateaux of the model coincide with that of the mean data. However, the 
upper sorption edge of the experimental data is at a lower pH than that of the 
monodentate binding model. This suggests that the use of a ‘mean’ binding constant(s) is 
not appropriate here, however, it was not possible to use an additive approach as the 
composition data were not available for this sample. The complexation equations can be 
used can be seen below. 
 
Bas-OH + H+ ↔ Bas-OH2+      log K = 20.5   Eq 6.39 
Bas-OH ↔ Bas-O- + H+       log K = -3.9   Eq 6.40 
2Bas-OH + TcO2+ + 2H2O ↔ (Bas-O)2TcO(OH) + 3H+  log K = 1.55   Eq 6.41 
Bas-OH + TcO2+ + H2O ↔ Bas-OTcO(OH)- + 2H+  log K = 6.3   Eq 6.42 
 
The designation Bas-OH indicates the surface groups controlling the sorption to basalt. 
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6.5.2 Graphic Granite 
The results for graphic granite again follow the trend of high Rd values at near neutral pH 
conditions with relatively low Rd values at acidic and hyperalkaline conditions within the 
system. The highest observed Rd has been found to be 1276 ml g-1 at pH 6.86, with Rd 
values of 8 and 9 ml g-1 at pH values of 3.47 and 13.16 respectively. 
 
 
 
Figure 6.21 Tc(IV) sorption to graphic granite as a function of pH. 
 
pH Rd (ml g-1) 
3.47 ± 0.15 8.80 ± 9.98 
5.16 ± 0.06 48.4 ± 24.5 
6.54 ± 0.05 545 ± 151 
6.86 ± 0.06 1280 ± 438 
11.7 ± 0.02 52.6 ± 4.55 
11.7 ± 0.00 41.4 ± 10.6 
13.0 ± 0.03 83.3 ± 54.0 
13.2 ± 0.00 9.90 ± 4.93 
13.2 ± 0.01 57.0 ± 38.5 
 
Table 6.15. Partition coefficients, Rd, (ml g-1) for sorption of Tc(IV) to graphic granite at ambient temperature in an O2 free 
atmosphere (<1 ppm). Initial Tc(IV) concentrations 10-9 to 10-11 mol dm-3. S:L = (1:200). Uncertainties shown as ± 1 S.D. 
 
The modelling of Tc(IV) sorption to graphic granite was attempted using the additive 
model, based on the known mineralogical composition of this rock, and using the 
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equations for the individual minerals generated above. This was found to be 49.4% K-
feldspar, 21.6% plagioclase feldspar, 28.3% quartz and 0.5% mica. It was found that the 
general shape of the plot of mean data was quite close, although the Rd predicted was 
lower than that recorded from the experimental data recorded. The red points indicate the 
additive model, which can be seen to be preferable to the ‘mean sites’ approach used for 
basalt above. 
 
 
Figure 6.22 Sorption of Tc(IV) as a function of pH for graphic granite at ambient 
temperature in an O2 free atmosphere (<1 ppm). Tc(IV) concentrations 10-9 to 10-11 mol 
dm-3. S:L = 1:200. Uncertainties ± 1 S.D. 
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6.5.3 Rapakivi Granite 
 
Figure 6.23 Tc(IV) sorption to Rapakivi granite as a function of pH. 
 
Rapakivi granite shows the most common trend of these sorption experiments where the 
buffering capacity of the solids moves the pH to near neutral values with the Rd values 
peaking at ~ 3700 ml g-1. Again it can be seen that at the extremes of the pH range tested 
Rd values are much lower. 
pH Rd (ml g-1) 
3.50 ± 0.1 11.05 ± 8.86 
5.24 ± 0.01 172. ± 22.7 
6.25 ± 0.03 1580 ± 823.8 
6.51 ± 0.06 3020 ± 1380 
6.64 939 
6.86 3810 
11.6 ± 0.02 69.7 ± 6.84 
11.7 ± 0.01 205 ± 32 
12.9 ± 0.00 155 ± 33.0 
13.1 ± 0.01 91.5 ± 26.1 
 
Table 6.16. Partition coefficients, Rd, (ml g-1) for the sorption of Tc(IV) to Rapakivi granite at ambient temperature in an O2 
free atmosphere (<1 ppm). Initial Tc(IV) concentrations 10-9 to 10-11 mol dm-3. S:L = (1:200). Uncertainties are ± 1 S.D. 
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Figure 6.24 Sorption of Tc(IV) as a function of pH for Rapakivi granite at ambient temp. in 
an O2 free atmosphere (<1 ppm). Tc(IV) concentrations 10-9 to 10-11 mol dm-3. S:L = 
1:200. Uncertainties ± 1 S.D. 
 
When Rapakivi granite was modelled using the additive method, as above, it was found 
that there was a similar trend to that of graphic granite in that the additive model was of a 
similar shape to that of the lab data but was not of a high enough magnitude to be a 
confident model. This suggest that some sorption is taking place to either trace 
components, or the areas such as the edges of grains are very significant. The 
percentage composition of the granite has been found to be 32.9% K-feldspar, 25.7 % 
plagioclase feldspar, 3.1% mica and 38.1% quartz. These percentages were used in the 
production of the additive model. 
Ricky Hallam 
 187
6.5.4 Micro Granite 
 
Figure 6.25 Tc(IV) sorption to micro granite as a function of pH. 
 
Micro granite follows the same trend as the previous solids with the highest Rd value 
being found at near neutral pH values. As can be seen in table 6.16 the material-buffered 
pH ranges from 5.3 with a corresponding Rd value of 309 ml g-1 to a high of 13.18 with an 
associated Rd of 154.13 ml g-1. As can also be seen, the highest Rd values are again 
found at near neutral pH values with the highest Rd of 25400 ml g-1 occurring at pH 8.01. 
As Figure 6.25 above, indicates that it has been difficult to model the sorption edge in the 
alkaline region of the data obtained. 
 
pH Rd (ml g-1) 
5.30 ± 0.00 309.67 ± 5.99 
6.48 ± 0.00 2060 ± 1760 
8.01 ± 0.05 25400 ± 3540 
11.7 ± 0.04 217. ± 149 
13.0 ± 0.00 159 ± 12.7 
13.2 ± 0.00 148 ± 6.97 
13.2 ± 0.00 154. ± 5.28 
 
Table 6.17. Partition coefficients, Rd, (ml g-1) for the sorption of Tc(IV) to micro granite at ambient temperature in an O2 
free atmosphere (<1 ppm). Initial Tc(IV) concentrations 10-9 to 10-11 mol dm-3. S:L = (1:200). Uncertainties are ± 1 S.D. 
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The speciation equations used in the JChess speciation codes can be seen below, where 
the designation Micro-OH indicates the surface groups controlling the sorption to micro 
granite. 
 
Micro-OH + H+ ↔ Micro-OH2+     log K = 20.5   Eq 6.43 
Micro-OH ↔ Micro-O- + H+      log K = -3.9   Eq 6.44 
2Micro-OH + TcO2+ + 2H2O ↔ (Micro-O)2TcO(OH) + 3H+ log K = 1.55   Eq 6.45 
Micro-OH + TcO2+ + H2O ↔ Micro-OTcO(OH)- + 2H+  log K = 6.3   Eq 6.46 
 
When the data was analysed it was observed that the Rd of basalt peaked an order of 
magnitude higher than any of the other igneous rocks that were tested, peaking at 11300 
ml g-1 whereas the granite samples were found to peak no higher than 3020 ml g-1. When 
modelling of the data was undertaken it was found that the using a mono-dentate model 
produced the closest approximation to the basalt data. However, when attempts were 
made to model the granitic sample using an additive model it was found to be very 
difficult although other models could be used to model the increase in Rd value as the pH 
increased for all forms of granite tested. 
6.6 Tc(IV) Sorption Data as Partition Coefficients (Rd Values) 
As can be seen in the table above, Rd values for the minerals at around pH 4 were found 
to be within an order of magnitude ranging from 1.15 to 601.85 with two outliers for shale 
and smectite illite mixed layer. At pH ~ 4, 16 of the minerals tested showed apparent 
sorption with only limestone, OPC and PCM not being observable at this pH. 
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6.6.1 pH 3-6 
Solid Mean Measured pH ± 1 S.D. Mean Rd value ± 1 S.D. (ml g-1) 
Quartz 3.42 ± 0.06 7.33 ± 3.40 5.10 ± 0.04 47.8 ± 32.8 
Bentonite 
3.97 ± 0.17 21.1 ± 6.62 
5.25 ± 0.06 59.4 ± 6.23 
5.39 ± 0.02 732 ± 246 
Micro granite 
3.56 ± 0.03 3.38 ± 2.59 
5.10 ± 0.02 1.92 ± 2.62 
5.30 ± 0.00 310 ± 5.99 
Graphic granite 3.47 ± 0.15 8.80 ± 9.98 5.16 ± 0.06 48.4 ± 24.5 
Basalt 
3.80 ± 0.10 18.7 ± 6.79 
5.24 ± 0.02 445 ± 48.3 
5.43 ± 0.02 2.74 x 103 ± 618 
Illite 
3.43 ± 0.09 8.20 ± 3.75 
5.16 ± 0.04 31.9 ± 5.51 
5.33 ± 0.03 911 ± 68.1 
Smectite illite 
3.58 ± 0.20 1.42 x 103 ± 22.5 
4.94 ± 0.01 1.23 x 103 ± 94.5 
4.84 ± 0.02 2.14 x 103 ± 34.9 
5.10 ± 0.05 2.80 x 103 ± 5.87 x 103 
Rapakivi granite 3.50 ± 0.10 11.1 ± 8.86 5.24 ± 0.01 172 ± 22.7 
Plagioclase 
Feldspar 
3.37 ± 0.06 4.34 ± 1.61 
5.20 ± 0.01 44.2 ± 14.6 
Orthoclase 
Feldspar 
5.41 ± 0.00 28 ± 6 
5.57 ± 0.07 41 ± 7 
5.80 ± 0.01 54 ± 27 
5.86 ± 0.00 19 ± 8 
Sandstone 
3.37 ± 0.03 4.29 ± 3.73 
4.81 ± 0.22 185 ± 44.4 
5.24 ± 0.01 750 ± 126.3 
Shale 
4.90 ± 0.05 37.1 ± 0.63 
5.55 ± 0.04 108 ± 27.89 
5.60 ± 0.01 5.53 x 103 ± 6.89 x 103 
Sand 3.51 ± 0.21 21.1 ± 23.7 5.16 ± 0.01 11.2 ± 1.15 
NRVB 3.58 ± 0.07 1.57 x 103 ± 602 
Haematite 5.06 ± 0.32 10.5 ± 2.12 5.92 ± 0.09 2.61 x 103 ± 272 
Montmorillonite 
4.28 ± 0.03 863 ± 294 
4.48 ± 0.05 60.3 ± 2.57 
5.00 ± 0.05 661 ± 440 
Goethite 5.70 ± 0.04 127 ± 73.7 
 
Table 6.18. Rd values for solid solutions measured at ~ pH 4 
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6.6.2 pH 6-8 
Solids Mean measured pH ± 1 S.D. Mean Rd ± 1 S.D. (ml g-1) 
Quartz 7.40 ± 1.13 1.17 ± 73.7 
Graphic granite 6.78 ± 0.15 941 ± 213 6.52 ± 0.01 477 ± 77.3 
Basalt 6.38 ± 0.00 4.44 x 10
3 ± 1.10 x 103 
6.52 ± 0.01 6.80 x 103 ± 996 
Illite 6.33 ± 0.01 4.90 x 10
3 ± 1.31 x 103 
7.62 ± 0.10 14.6 x 103 ± 3.94 x 103 
Smectite illite 6.34 ± 0.04 1.57 x 103 ± 3.20 x 103 
Rapakivi granite 
6.26 ± 0.03 1.79 x 103 ± 316 
6.43 ± 0.22 1.56 x 103 ± 690 
6.65 ± 0.18 3.82 x 103 ± 29.9 
Plagioclase 
feldspar 
6.27 ± 0.08 905 ± 187 
7.07 ± 0.17 2.29 x 103 ± 1.60 x 103 
6.54 ± 0.02 528 ± 81.3 
Sandstone 
6.24 ± 0.07 3.71 x 103 ± 688 
6.69 ± 0.39 2.06 x 103 ± 355 
6.50 ± 0.00 3.27 x 103 ± 2.03 x 103 
Limestone 
6.79 ± 0.13 513 ± 262 
7.43 ± 0.02 5.19 x 103 ± 469 
7.19 ± 0.10 767 ± 85.5 
6.80 ± 0.02 5.67 x 103 ± 7.17 x 103 
Shale 
6.47 ± 0.03 159 ± 54.9 
6.45 ± 0.05 5.16 x 103 ± 2.91 x 103 
7.14 ± 0.02 4.24 x 103 ± 583 
6.51 ± 0.01 535 ± 203 
6.52 ± 0.02 7.59 x 103 ± 739 
6.47 ± 0.03 1.42 x 103 ± 37.9 
Sand 
6.40 ± 0.01 53.4 ± 12.2 
6.31 ± 0.23 661 ± 73.2 
6.53 ± 0.01 22.7 ± 15.2 
NRVB 
7.23 ± 0.61 4.05 x 103 ± 2.67 x 103 
7.61 ± 0.04 5.35 x 103 ± 1.01 x 103 
7.66 ± 1.12 3.48 x 103 ± 363 
6.87 ± 0.02 554 
Haematite 
6.71 ± 0.02 16.3 
6.58 ± 0.01 7.13 x 103 ± 3.42 x 103 
6.69 ± 0.02 17.7 x 103 ± 13.6 x 103 
6.20 ± 0.04 349 ± 46.3 
Montmorillonite 
6.83 ± 0.10 17.8 ± 2.87 
6.32 ± 0.02 1.54 x 103 ± 932 
6.46 ± 0.02 1.62 x 103 ± 1.79 x 103 
6.38 ± 0.00 4.12 x 103 ± 488 
Goethite 
6.74 ± 0.04 14.6 x 103 ± 4.87 x 103 
6.07 ± 0.13 552 ± 76.5 
6.81 ± 0.03 8.13 x 103 ± 2.26 x 103 
6.72 ± 0.18 23.3 x 103 ± 4.20 x 103 
6.60 ± 0.01 1.33 x 103 ± 58.9 
6.49 ± 0.03 15.4 x 103 
6.79 ± 0.01 1.03 x 103 ± 171 
 
Table 6.19. Rd values for solid solutions measured at ~ pH 7 
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At pH ~ 7 the Rd values are higher than those at pH ~ 4. The values increase to ~103. At 
this pH 15 solids showed sorption at pH ~ 7 with bentonite, microgranite, OPC and PCM 
showing no sorption at this pH. 
6.6.3 pH 8-9 
Solids Mean measured pH ± 1 S.D. Mean Rd ± 1 S.D. (ml g-1) 
Quartz 8.32 ± 3.14 388 ± 42.7 
Bentonite 
8.32 ± 0.13 11.0 x 103 ± 11.5 x 103 
8.77 ± 0.07 8.92 x 103 ± 745 
8.70 ± 2.07 556 ± 480 
Micro granite 8.01 ± 0.05 25.4 x 103 ± 3.54 x 103 
Basalt 7.92 ± 0.08 11.3 x 103 ± 5.46 x 103 
Illite 8.22 ± 3.14 7.24 x 103 ± 1.40 x 103 
Smectite-illite 8.32 ± 3.15 1.56 x 103 ± 103 
Limestone 7.81 ± 0.90 3.06 x 10
3 ± 1.29 x 103 
8.44 ± 0.13 11.0 x 103 ± 7.44 x 103 
PCM 8.75 ± 0.01 1.20 x 103 ± 753 
Montmorillonite 8.88 ± 1.48 7.48 x 103 ± 7.34 x 103 
Goethite 7.80 ± 0.03 25.5 x 103 ± 
 
Table 6.20. Rd values for solid solutions measured at ~ pH 8 
 
At pH ~ 8, ten of the solids showed sorption with Rd values between 102 - 103 ml g-1. 
6.6.4 pH 9-11 
Solids Mean measured pH ± 1 S.D. Mean Rd ± 1 S.D. (ml g-1) 
Bentonite 9.31 ± 2.70 5.17 x 10
3 ± 4.38 x 103 
9.67 ± 2.72 6.36 x 103 ± 8.96 x 103 
Micro granite 10.12 ± 3.16 3.30 x 103 
Graphic granite 10.69 ± 3.32 1.76 x 103 
Rapakivi granite 9.91 ± 3.16 208 ± 5.79 
Plagioclase feldspar 10.02 ± 3.01 56.1 ± 5.15 
PCM 
9.07 ± 0.04 789 ± 21.1 
9.59 ± 0.29 3.34 x 103 ± 455 
9.75 ± 0.00 7.07 x 103 ± 4.03 x 103 
10.09 ± 0.00 700 ± 42.7 
9.72 ± 0.06 5.51 x 103 ± 324 
9.48 ± 0.39 337 ± 359 
9.12 ± 0.06 10.8 x 103 ± 1.67 x 103 
9.60 ± 0.01 469 ± 22.4 
9.60 ± 0.04 15.4 x 103 ± 
Haematite 10.77 ± 0.58 295 ± 41.4 
Montmorillonite 9.12 ± 2.11 487 ± 564 
 
Table 6.21. Rd values for solid solutions measured at ~ pH 10 
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At pH ~ 10, eight of the solids tested showed sorption at this pH. Again the Rd values are 
in the range of 102 – 103 ml g-1. This is comparable to pH ~ 8. 
6.6.5 pH 11-12 
Solids Mean measured pH ± 1 S.D. Mean Rd ± 1 S.D. (ml g-1) 
Quartz 11.54 ± 0.17 78.4 ± 28.7 11.85 ± 0.02 21.6 ± 5.76 
Orthoclase feldspar 11.82 ± 0.02 19 ± 2 
Micro granite 11.66 ± 0.06 82.0 ± 16.5 11.69 ± 0.01 352 ± 27.0 
Graphic granite 11.65 ± 0.02 52.6 ± 4.55 11.74 ± 0.00 41.4 ± 10.6 
Basalt 11.59 ± 0.01 151 ± 128 11.66 ± 0.06 263 ± 30.9 
Illite 11.53 ± 0.01 87.4 ± 7.89 11.63 ± 0.07 260 ± 41.5 
Smectite 11.49 ± 0.03 1.34 x 10
3 ± 9.82 
11.53 ± 0.00 166 ± 31.7 
Rapakivi granite 11.64 ± 0.02 69.7 ± 6.84 
Plagioclase feldspar 11.68 ± 0.00 59.5 ± 11.4 
Sandstone 11.64 ± 0.01 74.5 ± 18.2 11.70 ± 0.06 165 ± 25.4 
Limestone 11.67 ± 0.05 199 ± 194 11.78 ± 0.00 211 ± 17.2 
Sand 11.64 ± 0.01 111 ± 93.6 
NRVB 11.97 ± 0.13 77.7 ± 15.4 
PCM 11.33 ± 2.79 384 ± 70.7 
Haematite 11.68 ± 0.13 255 ± 144 
 
Table 6.22. Rd values for solid solutions measured at ~ pH 11 
 
At pH ~ 11, the Rd values decrease to around the magnitude of 102 ml g-1. This is a 
decrease on the values found in the near-neutral region. 
6.6.6 Hyperalkaline pH 
Solids Mean measured pH ± 1 S.D. Mean Rd ± 1 S.D. (ml g-1) 
Quartz 
13.15 ± 0.00 15.8 ± 10.9 
13.13 ± 0.02 7.72 ± 5.90 
12.97 ± 0.01 38.8 ± 7.89 
Bentonite 
13.15 ± 0.00 379 ± 49.8 
13.15 ± 0.00 334 ± 96.6 
12.97 ± 0.00 238 ± 15.0 
Micro granite 
13.17 ± 0.00 148 ± 6.97 
13.18 ± 0.00 154 ± 5.28 
12.99 ± 0.00 159 ± 12.7 
Graphic granite 
13.18 ± 0.01 57.0 ± 38.5 
13.16 ± 0.00 9.90 ± 4.93 
12.96 ± 0.03 83.3 ± 54.0 
Basalt 13.15 ± 0.01 166 ± 11.7 13.15 ± 0.00 136 ± 2.56 
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12.98 ± 0.00 187 ± 32.9 
Illite 
13.15 ± 0.01 294 ± 37.0 
13.17 ± 0.00 149 ± 28.6 
12.96 ± 0.00 214 ± 6.39 
Smectite-illite 
13.13 ± 0.00 1.12 x 103 ± 40.0 
13.16 ± 0.00 1.73 x 103 ± 2.68 
12.96 ± 0.00 124 ± 70.6 
Rapakivi granite 
13.12 ± 0.00 110 ± 26.8 
13.12 ± 0.02 73.5 ± 2.68 
12.92 ± 0.00 155 ± 33.0 
Plagioclase feldspar 
13.13 ± 0.00 34.2 ± 18.5 
13.09 ± 0.00 22.5 ± 3.28 
12.90 ± 0.04 88.0 ± 25.8 
Sandstone 
13.12 ± 0.01 79.6 ± 3.22 
13.08 ± 0.01 54.2 ± 12.5 
12.94 ± 0.00 106 ± 23.4 
Limestone 
13.11 ± 0.00 125 ± 38.6 
13.08 ± 0.00 80.6 ± 35.0 
12.94 ± 0.00 131.39 ± 38.3 
Shale 
13.10 ± 0.01 712 ± 32.2 
13.04 ± 0.01 398 ± 39.4 
12.93 ± 0.00 385 ± 37.9 
Sand 
13.11 ± 0.01 17.4 ± 13.0 
13.04 ± 0.00 13.1 ± 2.50 
12.93 ± 0.00 42.6 ± 24.1 
NRVB 
13.09 ± 0.00 1.18 x 103 ± 122 
12.06 ± 0.02 6.45 x 103 ± 733 
13.03 ± 0.00 697 ± 30.6 
12.44 ± 0.10 382 ± 73.4 
12.94 ± 0.00 723 ± 310 
PCM 12.88 ± 0.02 445 ± 16.4 
OPC 
12.27 ± 0.01 105 ± 1.33 
12.71 ± 0.13 58.8 ± 35.4 
12.50 ± 0.01 71.3 ± 13.9 
12.90 ± 0.58 262 ± 54.7 
12.21 ± 0.01 95.5 ± 28.4 
12.58 ± 0.03 971.4 ± 178 
12.72 ± 0.01 153 ± 25.2 
13.30 ± 0.00 297 ± 18.4 
12.20 ± 0.04 32.0 ± 17.8 
12.20 ± 0.03 74.8 ± 7.78 
12.41 ± 0.01 125 ± 105 
13.05 ± 0.01 242 ± 27.9 
Haematite 
13.11 ± 0.00 1.20 x 103 ± 64.8 
13.00 ± 0.00 477 ± 28.9 
12.93 ± 0.02 302 ± 144.6 
Montmorillonite 
13.02 ± 0.01 110 ± 7.31 
12.93 ± 0.02 71.3 ± 10.8 
12.84 ± 0.03 72.1 ± 13.2 
Goethite 
13.07 ± 0.00 967 ± 96.2 
12.95 ± 0.00 462 ± 34.5 
12.92 ± 0.00 612 ± 10.4 
Table 6.23. Rd values for solid solutions measured at ~ pH 13 
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All 19 solids tested have shown measurable sorption at around pH 13. The Rd values are 
all within a couple of orders of magnitude of each other.  
6.7 Conclusions 
When reviewing the data for sorption of Tc(IV) it is noticeable that sorption in all cases 
peaks at near neutral pH for these solids and that the pH of the studies had drifted during 
the equilibration phase of the studies towards near neutral conditons. The Rd values for 
silicate rocks and minerals consistently rises as the pH increases to near neutral 
conditions before the sorption decreases again as the solutions tend to alkalinity. This 
trend was noticed with in all of the groups of solids that were tested. The Rd values for the 
silicates were observed to be in the magnitude of 102 - 103 ml g-1 with the peak value 
being 3340 ml g-1 which was recorded at pH 6.24 when using sandstone as the solid. 
When comparing this group of solids to the clays and clay minerals, it is observed that the 
Rd values are an order of magnitude higher in the range 103 – 104 ml g-1. Again these 
values were found to be at near neutral pH values. The highest observed Rd value in this 
group of solids was found to be 14600 ml g-1 at pH 7.62, again near neutral pH values. 
When observing the trend for iron containing solids the values were again observed to be 
comparable with those of the clays and clay mineral solids. The Rd value was found to be 
in the order of magnitude 103 – 104 ml g-1 at the peak sorption recorded. The maximum 
Rd for this group of solids is 21500 at pH 6.83. The final group that have been group 
together are the igneous rocks. Basalt was found to have an order of magnitude higher 
peak than the other solids in this group. The other solids were found to have a peak Rd 
value in the magnitude of 103 ml g- 1 although the basalt peak value was observed to be 
of magnitude of 104 ml g-1. The final group of solids that have been used in these sorption 
studies have been found to have the same magnitude of sorption, observed to be in the 
magnitude of 103 at their peak values. It has also been possible to model the solids used 
in these sorption studies using JChess modelling speciation codes although there 
appears to be no trend as to which model, either monodentate or bi-dentate or both, is 
most suitable for a particular group of solids.  
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7.0 Conclusions 
7.1 Sorption of Tc(VII) 
Apparent sorption of Tc(VII) has been found to occur with the following solids at the pH 
conditions indicated in brackets beside the solids:  
 
 Adamelite granite (pH 4 and 10) 
 Montmorillonite (pH 4, 7 and 10) 
 Goethite (pH 7 and 10) 
 Bentonite (pH 4, 7 and 10) 
 Gypsum (pH 4, 7 and 10) 
 Shale (pH 4, 7 and 10) 
 Illite (pH 10) 
 Andesite (pH 10). 
 
The Rd values that have been observed during this investigation are in the range of 10 – 
102 ml g-1 which is higher than that of previous research groups results. This would be of 
great benefit if a GDF were situated in bedrock of this type as any mobilised technetium 
would be sorbed close to the GDF so aiding its containment. 
7.2 Sorption of Tc(IV)  
The sorption of Tc(IV) was found to be in the range of 10 - 104 ml g-1. It was also found to 
be possible to model some of the data using the JCHESS speciation curves. The pH 
values of the solutions were found to drift and buffer naturally to a pH tending towards 
neutral pH conditions. An exception of this was found to be when using cement based 
solids which buffered the surrounding solution towards pH 13. It was observed that the 
general trend with the majority of the solids investigated in the this study was for the Rd 
values to increase as the buffered solution tended towards near neutral conditions before 
decreasing again as the solution tended towards hyper-alkalinity.  
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7.3 Complexation of reduced technetium with the addition of organic 
ligands 
Through investigations it has been found that when technetium solution is 
electrochemically reduced prior to the introduction of organic ligands, the solubility of 
technetium increases once the ligand has been added and as the concentration of ligand 
increases. This was found to be the case when using gluconic acid, picolinic acid EDTA 
NTA and ISA. Solubility increased in a linear trend as the concentration of the ligand 
increased with most noticeable trend being that of gluconic acid. 
7.4 Complexation of reduced technetium when reduced in the presence 
of organic complexant 
It has been shown that when technetium is reduced in the presence of ligand then the 
solubility remains high throughout as the ligand inhibits the reduction of the technetium in 
hyperalkaline solution. It has been observed that when reduction is conducted in the 
presence of gluconic acid, picolinic acid, NTA and EDTA the solubility of technetium 
remained high with the technetium reduction not reaching the concentration in solution 
that would be expected if the full reduction to Tc(IV) had taken place.  
7.5 Further Work 
Further which would be conducted if time allowed would be to determine the level of 
oxygen required to release the bound technetium from the solids that is has been bound 
to. It would also be of interest to determine exactly which functional groups are present 
on the surface of the solids to which the technetium has been sorbed. As sorption has 
been defined in these studies as the removal of technetium from solution by adsorption or 
precipitation is would be advantageous to positively identify by which of these methods 
the reduced technetium has been removed from solution. It would also be of interest to 
determine the loading capacity of technetium onto the solids that have been used in this 
investigation. 
 
The complexation of technetium to different organic ligands would also be of interest to 
determine the precise binding of the technetium to the ligand. If a crystal of the reduced 
technetium complex could be produced before conducting X-ray crystallography, this 
would then show the complex formed from the reduced technetium.  
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Another area of interest is the use of electrochemical techniques to reduce technetium in 
solution and the scale that this could be increased to, allowing the reduction of larger 
volumes of technetium solution. One disadvantage that been found through the use of 
this technique is that of the electrolysis of water is also caused when passing an electric 
potential of 6 volts through the solution. This therefore causes the release of oxygen and 
hydrogen gas into the surroundings. If the electrochemical cell could be optimised to 
cause complete reduction in the same amount of time but with reduced potential 
difference throughout the cell, this could decrease the production of unwanted gases. 
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Appendix 1 Nuclide Inventory of a GDF 
Nuclide Half Life (years) 
Activity (TBq) as of 1.4.2010 Activity (TBq) as of 1.4.2050 
HLW ILW LLW HLW ILW LLW 
H3 
Be10 
C14 
Cl36 
Ar39 
Ar42 
K40 
Ca41 
Mn53 
Mn54 
Fe55 
Co60 
Ni59 
Ni63 
Zn65 
Se79 
Kr81 
Kr85 
Rb87 
Sr90/Y90 
Zr93 
Nb91 
Nb92 
Nb93m 
Nb94 
Mo93 
Tc97 
Tc99 
Ru106/Rh106 
Pd107 
Ag108m 
Ag110m 
Cd109 
Cd113m 
Sn119m 
Sn121m 
Sn123 
Sn126 
Sb125 
Sb126 
Te125m 
Te127m 
I129 
Cs134 
Cs135 
Cs137/Ba137m 
Ba133 
La137 
La138 
Ce144/Pr144 
Pm145 
Pm147 
Sm147 
1.23E+01 
1.60E+06 
5.73E+03 
3.02E+05 
2.69E+02 
3.30E+01 
1.28E+09 
1.03E+05 
3.70E+06 
8.56E-01 
2.70E+00 
5.27E+00 
7.49E+04 
1.00E+02 
6.69E-01 
6.50E+04 
2.10E+05 
1.07E+01 
4.80E+10 
2.91E+01 
1.53E+06 
6.80E+02 
3.50E+07 
1.64E+01 
2.03E+04 
3.50E+03 
2.60E+06 
2.13E+05 
1.01E+00 
6.50E+06 
4.18E+02 
6.84E-01 
1.27E+00 
1.41E+01 
8.02E-01 
5.00E+01 
3.54E-01 
1.00E+05 
2.73E+00 
3.39E-02 
1.59E-01 
2.98E-01 
1.57E+07 
2.06E+00 
2.30E+06 
3.00E+01 
1.05E+01 
6.00E+04 
1.05E+11 
7.80E-01 
1.77E+01 
2.62E+00 
1.06E+11 
1.7E+2 
4.0E-2 
1.0E+1 
1.3E+0 
- 
- 
6.6E-15 
1.2E-1 
1.2E-7 
6.8E+0 
5.8E+3 
2.2E+4 
3.0E+0 
3.4E+2 
1.6E-2 
1.0+2 
- 
- 
6.8E-3 
3.2E+7 
5.8E+2 
4.2E-12 
9.4E-10 
3.1E+2 
1.6E-1 
1.9E-1 
8.2E-9 
2.5E+3 
3.9E+5 
2.9E+1 
2.5E-3 
4.1E+1 
1.7E-2 
2.6E+3 
3.0E+0 
5.2E+3 
1.0E+0 
2.2E+2 
1.4E+5 
3.0E+1 
3.5E+4 
1.5E+0 
9.0E-2 
2.5E+5 
1.9E+2 
4.2E+7 
4.4E-4 
4.6E-4 
1.6E-8 
2.7E+5 
2.0E-2 
3.0E+6 
2.6E-3 
2.4E+4 
3.7E-1 
7.3E+2 
1.0E+1 
3.6E-1 
3.5E-7 
1.0E-2 
3.6E+0 
1.8E-6 
3.2E+3 
5.7E+5 
5.0E+5 
5.2E+3 
5.6E+6 
1.9E+2 
4.6E+0 
1.0E-5 
4.7E+3 
1.8E-5 
6.2E+5 
1.5E+2 
3.5E-3 
1.8E-5 
8.1E+1 
1.2E+2 
3.9E+1 
4.3E-9 
4.8E+2 
3.1E+4 
6.0E-1 
1.5E+3 
1.2E+2 
2.8E+0 
2.4E+2 
6.3E-3 
1.7E+2 
2.3E-4 
5.2E+0 
6.6E+3 
2.2E+0 
6.7E+3 
1.7E-5 
5.9E-1 
4.8E+3 
6.8E+0 
1.1E+6 
6.5E-1 
9.8E-3 
1.3E-10 
3.5E+4 
3.8E-1 
2.9E+4 
1.4E-5 
1.1E+1 
6.5E-7 
3.6E-1 
5.8E-2 
- 
- 
4.2E-4 
1.1E-3 
6.7E-12 
3.3E-2 
1.9E+0 
2.2E+0 
5.7E-3 
7.9E-1 
9.1E-3 
1.4E-6 
- 
6.2E-3 
2.3E-12 
3.5E+0 
2.8E-4 
7.1E-10 
2.3E-14 
4.9E-5 
1.6E-4 
5.8E-6 
7.9E-15 
2.5E-1 
6.5E-2 
3.4E-7 
1.4E-3 
8.1E-4 
3.2E-3 
1.1E-5 
5.7E-7 
3.7E-6 
7.2E-12 
2.8E-5 
1.6E-2 
6.5E-4 
1.3E-2 
1.0E-4 
3.4E-4 
4.4E-2 
1.5E-4 
8.0E+0 
3.1E-2 
6.7E-11 
1.4E-16 
4.4E-1 
4.5E-10 
6.0E-2 
4.5E-12 
3.0E-2 
3.4E-2 
4.6E+0 
1.5E+0 
- 
- 
1.0E-14 
1.6E-1 
9.6E-8 
- 
4.0E-12 
2.6E-4 
2.9E+0 
1.3E+2 
- 
9.8E+1 
- 
- 
6.7E-3 
1.2E+6 
5.7E+2 
3.0E-12 
7.7E-10 
5.7+2 
1.8E-1 
2.1E-1 
6.7E-9 
2.7E+3 
- 
3.0E+1 
1.7E-3 
- 
- 
2.7E+0 
- 
7.1E+2 
- 
2.1E+2 
1.8E-10 
3.0E+1 
1.9E-10 
- 
7.5E-2 
1.5E-14 
1.8E+2 
1.7E+6 
3.3E-8 
3.8E-4 
1.4E-8 
- 
1.4E-4 
9.9E-10 
2.6E-3 
5.1E+1 
3.8E-1 
8.8E+3 
3.8E+1 
1.6E+0 
1.6E-4 
6.1E-2 
2.0E+1 
3.2E-3 
2.2E-17 
1.3E-5 
1.3E-1 
8.9E+3 
3.8E+5 
2.9E-20 
4.8E+0 
3.8E-1 
6.4E-1 
7.7E-4 
2.6E+4 
1.7E+2 
1.1E-1 
5.6E-5 
1.9E+2 
2.7E+2 
8.6E+1 
5.3E-6 
1.1E+3 
3.5E-11 
6.1E-1 
1.6E+3 
- 
- 
9.1E-1 
- 
3.7E+1 
- 
5.5E+0 
3.7E-10 
7.7E-1 
4.0E-10 
- 
7.3E-1 
7.5E-7 
7.8E+0 
5.0E+4 
1.4E-2 
5.3E-2 
3.0E-8 
5.4E-14 
2.9E-3 
4.7E-8 
1.7E-5 
1.3E+0 
3.4E-6 
2.0E+1 
7.4E-1 
1.5E-3 
4.9E-12 
8.5E-3 
5.9E+0 
1.5E-9 
5.2E-15 
3.0E-5 
1.6E-3 
3.8E+0 
7.9E+1 
- 
2.1E-5 
2.3E-6 
3.0E-6 
3.8E-4 
2.8E+0 
3.8E-3 
3.1E-7 
4.0R-8 
4.4E-3 
3.0E-2 
7.7E-1 
1.0E-8 
1.3E+0 
9.8E-12 
9.6E-6 
1.4E-1 
- 
- 
6.1E-6 
- 
5.0E-2 
- 
2.7E-4 
6.9E-7 
3.8E-5 
7.3E-7 
- 
8.0E-2 
1.1E-7 
1.0E-3 
7.0E+0 
1.4E-4 
6.2E-7 
1.4E-9 
2.2E-14 
6.5E-5 
3.3E-6 
4.4E-8 
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Sm151 
Eu152 
Eu154 
Eu155 
Gd153 
Ho163 
Ho166m 
Tm170 
Tm171 
Lu174 
Lu176 
Hf178m 
Hf182 
Pt193 
Tl204 
Pb205 
Pb210 
Bi208 
Bi210m 
Po210 
Ra223 
Ra225 
Ra226 
Ra228 
Ac227 
Th227 
Th228 
Th229 
Th230 
Th232 
Th234 
Pa231 
Pa233 
U232 
U233 
U234 
U235 
U236 
U238 
Np237 
Pu236 
Pu238 
Pu239 
Pu240 
Pu241 
Pu242 
Am241 
Am242m 
Am243 
Cm242 
Cm243 
Cm244 
Cm245 
Cm246 
Cm248 
Cf249 
Cf251 
Cf252 
8.87E+01 
1.33E+01 
8.60E+00 
4.96E+00 
6.61E-01 
4.57E+03 
1.20E+03 
3.52E-01 
1.92E+00 
3.31E+00 
3.61E+10 
3.10E+01 
8.99E+06 
5.07E+01 
3.78E+00 
1.52E+07 
2.23E+01 
3.68E+05 
3.00E+06 
3.79E-01 
3.13E-02 
4.08E-02 
1.60E+03 
5.75E+00 
2.18E+01 
5.12E-02 
1.91E+00 
7.34E+03 
7.54E+04 
1.41E+10 
6.60E-02 
3.28E+04 
7.39E-02 
6.98E+01 
1.59E+05 
2.46E+05 
7.04E+08 
2.34E+05 
4.47E+09 
2.14E+06 
2.90E+00 
8.77E+01 
2.41E+04 
6.56E+03 
1.44E+01 
3.74E+05 
4.33E+02 
1.41E+02 
7.36E+03 
4.46E-01 
3.00E+01 
1.81E+01 
8.50E+03 
4.73E+03 
3.40E+05 
3.51E+02 
8.98E+02 
2.65E+00 
1.2E+5 
1.2E+3 
3.2E+5 
9.0E+4 
2.2E-1 
8.1E-6 
8.0E-2 
1.0E-5 
1.4E+0 
- 
- 
- 
1.9E-10 
- 
- 
4.3E-7 
9.0E-5 
- 
1.1E-11 
8.5E-5 
2.7E-3 
1.4E-5 
3.7E-4 
2.9E-8 
2.7E-3 
2.7E-3 
3.0E-1 
1.4E-5 
5.4E-2 
3.7E-8 
2.7E-2 
6.8E-3 
2.9E+1 
5.6E-4 
9.1E-4 
6.2E-2 
9.7E-4 
6.2E-3 
2.7E-2 
2.9E+1 
2.6E-3 
9.3E+2 
2.5E+2 
4.3E+2 
2.4E+4 
8.1E-1 
3.1E+5 
9.9E+2 
1.5E+3 
8.7E+2 
1.1E+3 
1.0E+5 
1.8E+1 
3.7E+0 
2.8E-5 
2.3E-4 
1.0E-5 
6.5E-5 
4.4E+3 
2.9E+4 
5.0E+3 
2.3E+3 
1.7E-5 
1.3E-5 
1.9E-2 
4.0E-6 
7.7E-4 
8.5E-6 
1.3E-8 
7.8E-3 
3.6E-9 
1.4E-2 
1.3E+2 
1.0E-4 
3.0E-1 
1.8E-7 
1.8E-7 
2.0E-1 
1.9E-2 
6.2E-3 
4.6E+1 
1.6E-1 
9.5E+0 
1.9E-2 
9.3E-1 
6.3E-3 
7.3E-2 
2.3E-1 
6.3E+0 
1.5E-1 
6.6E+1 
1.0E+0 
1.6E+0 
1.7E+1 
5.5E-1 
1.5E+0 
1.7E+1 
6.9E+1 
4.9E+0 
4.4E+3 
9.2E+2 
9.8E+3 
3.0E+5 
5.6E+0 
2.8E+4 
2.0E+2 
1.9E+1 
4.3E+2 
4.4E+1 
6.9E+2 
4.0E-2 
7.6E-3 
7.8E-3 
4.5E-4 
7.9E-8 
4.0E-3 
3.1E-3 
4.5E-2 
1.9E-2 
8.9E-3 
2.9E-5 
4.5E-12 
1.3E-9 
2.5E-18 
1.7E-9 
6.2E-12 
1.4E-15 
- 
1.5E-15 
6.9E-8 
1.2E-3 
1.5E-6 
1.7E-5 
5.8E-14 
2.0E-4 
1.6E-3 
2.0E-7 
3.3E-8 
1.1E+0 
2.3E-3 
1.7E-4 
2.0E-7 
6.2E-3 
3.4E-8 
3.4E-4 
6.0E-3 
2.6E-2 
5.6E-5 
4.2E-3 
9.0E-5 
8.9E-4 
1.0E-1 
4.6E-3 
1.6E-2 
1.0E-1 
5.1E-3 
1.3E-6 
5.5E-1 
6.6E-1 
9.9E-2 
2.5E+0 
3.3E-4 
5.7E+0 
7.8E-4 
5.1E-5 
6.9E-4 
3.3E-4 
3.9E-3 
3.2E-8 
1.3E-8 
5.8E-14 
5.7E-10 
1.0E-6 
8.4E-6 
3.9E+4 
8.4E-1 
6.3E+0 
4.8E-4 
- 
6.5E-6 
7.1E-2 
- 
- 
- 
- 
- 
1.6E-10 
- 
- 
4.6E-7 
2.9E-3 
- 
1.4E-11 
2.8E-3 
6.8E-3 
1.7E-4 
3.6E-3 
4.0E-8 
6.8E-3 
6.7E-3 
2.1E-4 
1.7E-4 
5.6E-2 
4.0E-8 
2.5E-2 
6.9E-3 
4.6E+1 
2.1E-4 
2.4E-2 
4.1E-1 
9.9E-4 
9.7E-3 
2.5E-2 
4.6E+1 
8.8E-17 
7.3E+2 
2.7E+2 
8.1E+2 
6.4E+1 
1.0+0 
2.7E+5 
5.1E+2 
1.8E+3 
4.2E+2 
5.8E+1 
7.9E+2 
2.4E+1 
5.4E+0 
4.7E-5 
2.9E-4 
1.6E-5 
1.8E-19 
1.5E+3 
2.0E+1 
9.8E-2 
2.3E-5 
- 
9.4E-4 
5.4E-1 
- 
8.2E-20 
1.5E-14 
3.5E-7 
4.5E-1 
3.8E-4 
1.8E+0 
5.6E-8 
1.5E-4 
4.4E+1 
2.6E-5 
3.4E-5 
4.4E+1 
3.5E-1 
3.5E-2 
4.4E+1 
4.4E-1 
3.5E-1 
3.5E-1 
9.3E-1 
3.5E-2 
1.1E-1 
4.4E-1 
1.9E+1 
1.8E-1 
1.1E+2 
4.8E-1 
2.1E+0 
2.2E+1 
7.2E-1 
1.7E+0 
1.9E+1 
1.1E+2 
1.5E-13 
2.2E+3 
1.2E+4 
1.3E+4 
9.9E+2 
1.3E+1 
3.7E+4 
1.0E+2 
2.1E+1 
8.5E+1 
1.8E+0 
4.5E+0 
4.8E-2 
1.1E-2 
7.8E-3 
4.2E-1 
1.2E-7 
1.7E-19 
4.7E-1 
1.8E-1 
4.8E-4 
1.8E-5 
- 
1.0E-4 
8.4E-3 
- 
- 
1.7E-20 
1.2E-7 
5.1E-5 
5.6E-13 
4.2E-5 
6.0E-10 
2.3E-4 
1.2E+0 
1.2E-9 
2.0E-4 
1.2E+0 
9.4E-3 
2.3E-3 
1.2E+0 
2.2E-1 
9.4E-3 
9.3E-3 
2.3E-1 
2.3E-3 
1.9E-2 
2.3E-1 
2.7E+0 
1.7E-3 
1.1E-1 
4.1E-3 
3.4E-1 
2.5E+0 
3.9E-1 
2.0E-1 
2.7E+0 
1.1E-1 
- 
4.3E-1 
3.0E+0 
1.2E+0 
3.6E-1 
4.2E-3 
8.7E+0 
2.9E-3 
3.4E-4 
2.4E-3 
5.7E-5 
3.0E-3 
2.2E-1 
2.0E-2 
4.6E-4 
1.4E-9 
9.1E-7 
- 
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Appendix 2 Tc Calibration Data 
Sample 
number 
Mass of 
solution DI water 
Total 
volume 
Accurate 
concentration 
Sample 
Mass Counts 
Corrected 
 counts 
1 6.2642 13.7603 20.0245 2.71E-05 2.0206 143429 143407.4 
2    2.71E-05 2.0059 138525 138503.4 
3    2.71E-05 2.0121 141938 141916.4 
4 10.0047 10.0039 20.0086 1.36E-05 2.0198 71193.3 71171.67 
5    1.36E-05 2.0133 71678.6 71656.97 
6    1.36E-05 2.0142 69826.7 69805.07 
7 10.0167 10.028 20.0447 6.78E-06 2.0109 35217.2 35195.57 
8    6.78E-06 2.0184 35365.5 35343.87 
9    6.78E-06 2.0184 35362.1 35340.47 
10 10.0019 10.0129 20.0148 3.39E-06 2.0135 17791.2 17769.57 
11    3.39E-06 2.0196 18098.2 18076.57 
12    3.39E-06 2.0115 17801.8 17780.17 
13 10.012 10.0135 20.0255 1.69E-06 2.0236 8962.5 8940.87 
14    1.69E-06 2.0229 8990.18 8968.55 
15    1.69E-06 2.0242 8964.29 8942.66 
16 10.0074 10.027 20.0344 8.46E-07 2.0068 4516.22 4494.59 
17    8.46E-07 2.0207 4489.69 4468.06 
19 10.0051 10.0138 20.0189 4.23E-07 2.0178 2224.44 2202.81 
20    4.23E-07 2.0011 2239.15 2217.52 
21    4.23E-07 2.0175 2211.26 2189.63 
22 10.0208 10.0227 20.0435 2.11E-07 2.0082 1112.9 1091.27 
23    2.11E-07 2.0016 1123.46 1101.83 
24    2.11E-07 2.0195 1114.48 1092.85 
25 10.0097 10.0288 20.0385 1.06E-07 2.0028 576.05 554.42 
26    1.06E-07 2.0226 566.8 545.17 
28 10.0047 10.0355 20.0402 5.27E-08 2.0223 299.91 278.28 
29    5.27E-08 2.022 299.58 277.95 
30    5.27E-08 2.0096 303.37 281.74 
31 10.0141 10.0008 20.0149 2.64E-08 2.0078 163 141.37 
32    2.64E-08 2.012 160.37 138.74 
33    2.64E-08 2.0133 161.76 140.13 
34 10.0115 10.0162 20.0277 1.32E-08 2.0197 92.65 71.02 
35    1.32E-08 2.0184 91.9 70.27 
36    1.32E-08 2.0132 92.29 70.66 
37 10.0262 10.0173 20.0435 6.59E-09 2.0281 57.88 36.25 
38    6.59E-09 2.0039 57.8 36.17 
39    6.59E-09 2.0207 64.89 43.26 
40 10.0143 10.0235 20.0378 3.29E-09 2.0174 40.37 18.74 
41    3.29E-09 2.25 39.03 17.4 
42    3.29E-09 2.0194 40.52 18.89 
43 10.0148 10.026 20.0408 1.65E-09 2.007 32.44 10.81 
44    1.65E-09 2.078 31.64 10.01 
45    1.65E-09 2.005 30.69 9.06 
46 10.0166 10.0225 20.0391 8.23E-10 2.0071 27.42 5.79 
47    8.23E-10 2.0213 29.17 7.54 
48    8.23E-10 2.0137 27.83 6.2 
49 10.0208 10.1029 20.1237 4.10E-10 2.0283 25.72 4.09 
50    4.1E-10 2.0249 25.04 3.41 
51    4.1E-10 2.0228 27.19 5.56 
52 10.0109 10.0198 20.0307 2.05E-10 2.0264 24.08 2.45 
55 10.0176 10.427 20.4446 1.00E-10 2.0247 23.45 1.82 
56    1E-10 2.0132 23.38 1.75 
57    1E-10 2.015 24.5 2.87 
   bkg   21.63 0 
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Amended Tc calibration data 
Mass of 
solution DI water 
Total 
volume 
Accurate 
concentration 
Sample 
Mass Counts 
Corrected 
counts 
7.9872 8.0272 16.0144 4.34E-05 2.0067 222540.00 222504.26 
   4.34E-05 2.0183 222280.00 222244.26 
   4.34E-05 2.0106 221700.00 221664.26 
8.0151 8.0058 16.0209 2.17E-05 2.0296 111289.00 111253.26 
   2.17E-05 2.0119 111800.00 111764.26 
   2.17E-05 2.0019 111156.00 111120.26 
8.014 8.0059 16.0199 1.09E-05 2.0009 55205.30 55169.56 
   1.09E-05 2.0172 56844.40 56808.66 
   1.09E-05 2.0174 56655.60 56619.86 
8.012 8.0118 16.0238 5.43E-06 2.0052 27573.00 27537.26 
   5.43E-06 2.0149 27850.00 27814.26 
   5.43E-06 2.0243 28102.80 28067.06 
8.0098 8.0353 16.0451 2.71E-06 2.0208 14173.20 14137.46 
   2.71E-06 2.0198 13913.90 13878.16 
   2.71E-06 2.0087 13944.40 13908.66 
8.0289 8.0031 16.032 1.36E-06 2.0161 7039.86 7004.12 
   1.36E-06 2.0188 7081.69 7045.95 
   1.36E-06 2.0189 7050.00 7014.26 
8.019 8.0171 16.0361 6.79E-07 2.0123 3570.46 3534.72 
   6.79E-07 2.0107 3502.45 3466.71 
   6.79E-07 2.0197 3624.28 3588.54 
8.0116 8.0042 16.0158 3.39E-07 2.0186 1780.60 1744.86 
   3.39E-07 2.0146 1764.37 1728.63 
   3.39E-07 2.0080 1799.46 1763.72 
8.0001 8.0216 16.0217 1.69E-07 2.0071 902.71 866.97 
   1.69E-07 2.0086 911.67 875.93 
   1.69E-07 2.0078 904.16 868.42 
8.0192 8.2557 16.2749 8.35E-08 2.0119 464.44 428.70 
   8.35E-08 2.0272 477.19 441.45 
   8.38E-08 2.0175 470.68 434.94 
8.0229 8.0213 16.0442 4.18E-08 2.0122 253.10 217.36 
   4.18E-08 2.0040 248.66 212.92 
   4.18E-08 2.0044 251.32 215.58 
8.0073 8.0139 16.0212 2.09E-08 2.0166 147.91 112.17 
   2.09E-08 2.0109 146.03 110.29 
   2.09E-08 2.0082 144.07 108.33 
8.0034 8.0284 16.0318 1.04E-08 2.0184 91.54 55.80 
   1.04E-08 2.0062 90.59 54.85 
   1.04E-08 2.0131 90.51 54.77 
8.0005 8.0183 16.0188 5.20E-09 2.0161 63.55 27.81 
   5.20E-09 2.0212 63.22 27.48 
   5.20E-09 2.0057 64.41 28.67 
8.0127 8.009 16.0217 2.60E-09 2.0178 50.37 14.63 
   2.60E-09 2.0174 56.25 20.51 
   2.60E-09 2.0254 52.87 17.13 
8.0119 8.0057 16.0176 1.30E-09 2.0019 44.37 8.63 
   1.30E-09 2.0157 44.20 8.46 
   1.30E-09 2.0234 46.63 10.89 
8.0035 8.0912 16.0947 6.47E-10 2.0163 47.67 11.93 
   6.47E-10 2.0169 43.26 7.52 
   6.47E-10 2.0116 44.85 9.11 
8.0059 8.0027 16.0086 3.24E-10 2.0171 42.54 6.80 
   3.24E-10 2.0107 45.52 9.78 
   3.24E-10 2.0099 44.21 8.47 
8.0128 8.0212 16.034 1.62E-10 2.0015 50.18 14.44 
   1.62E-10 2.0044 48.37 12.63 
   1.62E-10 2.0097 38.67 2.93 
    2.0206 41.23  
    2.0188 39.64  
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Appendix 3 Data from Complexation Experiments 
gluconic 
concentration
Tc-99 conc. 
after reduction
Tc-99 conc. 
after addition 
of ligands SEF
Mol dm-3 Mol dm-3 Mol dm-3
0.40 2.23E-09 6.56E-08 29.45
0.40 9.11E-09 7.75E-08 8.51
0.40 1.43E-08 6.03E-08 4.21
0.40 1.62E-09 2.26E-09 1.39
0.40 1.92E-09 1.99E-09 1.04
0.40 1.97E-09 1.27E-09 0.65
0.40 2.17E-08 1.39E-07 6.43
0.40 5.91E-08 2.13E-07 3.60
0.40 8.40E-08 2.22E-07 2.65  
Table 3.1. Table of data for a gluconic acid concentration of 0.4 mol dm-3 
 
gluconic 
concentration 
Tc-99 conc. 
after reduction 
Tc-99 conc. 
after addition 
of ligand SEF
(Mol dm-3) (Mol dm-3) (Mol dm-3)
0.20 6.41E-09 3.21E-08 5.00
0.20 9.81E-09 3.38E-08 3.45
0.20 1.06E-08 2.94E-08 2.77
0.20 1.13E-08 2.54E-08 2.25
0.20 1.54E-08 2.18E-08 1.42
0.20 1.81E-08 2.41E-08 1.33
0.20 3.30E-08 8.08E-08 2.45
0.20 1.10E-07 2.14E-07 1.94
0.20 1.17E-07 2.25E-07 1.92  
Table 3.2. Table of data for a gluconic acid concentration of 0.2 mol dm-3. 
 
gluconic 
concentration
Tc-99 conc. 
after reduction
Tc-99 conc. 
after addition 
of ligand SEF
(Mol dm-3) (Mol dm-3) (Mol dm-3)
0.15 1.40E-08 1.67E-08 1.19
0.15 1.30E-08 1.90E-08 1.46
0.15 1.27E-08 1.97E-08 1.56
0.15 4.66E-09 4.20E-08 9.01
0.15 7.23E-09 4.16E-08 5.76
0.15 7.43E-09 4.67E-08 6.28
0.15 6.03E-10 2.67E-08 44.19
0.15 1.73E-09 2.67E-08 15.41
0.15 2.37E-09 2.55E-08 10.75  
Table 3.4. A table of data for a gluconic acid concentration of 0.15 mol dm-3 
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gluconic 
concentration
Tc-99 conc. after 
reduction
Tc-99 conc. after 
addition of ligand SEF
(Mol dm-3) (Mol dm-3) (Mol dm-3)
0.10 1.22E-08 1.43E-07 11.76
0.10 5.49E-08 1.51E-07 2.75
0.10 7.19E-08 1.41E-07 1.96
0.10 9.00E-09 1.07E-07 11.87
0.10 5.09E-08 1.02E-07 2.01
0.10 6.43E-08 1.09E-07 1.70
0.10 1.61E-08 1.00E-07 6.25
0.10 6.53E-08 1.02E-07 1.56
0.10 7.25E-08 9.52E-08 1.31  
Table 3.4. A table of data for a gluconic acid concentration of 0.1 mol dm-3 
 
gluconic 
concentration 
Tc-99 conc. 
after reduction
Tc-99 conc. 
after addition 
of ligand SEF
(Mol dm-3) (Mol dm-3) (Mol dm-3)
0.075 1.32E-09 4.68E-09 3.55
0.075 7.67E-10 5.94E-09 7.74
0.075 1.29E-09 4.84E-09 3.75
0.075 7.74E-09 2.27E-08 2.93
0.075 1.04E-08 2.36E-08 2.27
0.075 1.08E-08 2.31E-08 2.14
0.075 2.20E-09 9.75E-09 4.43
0.075 2.62E-09 3.63E-09 1.39
0.075 2.77E-09 1.06E-08 3.84  
Table 3.5. Table of data for a gluconic acid concentration of 0.075 mol dm-3 
 
gluconic 
concentration 
conc after 
reduction
conc after 
addition SEF
(Mol dm-3) (Mol dm-3) (Mol dm-3)
0.05 1.11E-08 4.96E-08 4.49
0.05 1.18E-08 4.79E-08 4.05
0.05 1.18E-08 4.99E-08 4.24
0.05 1.26E-09 3.71E-09 2.95
0.05 1.08E-09 3.27E-09 3.03
0.05 6.50E-10 2.83E-09 4.36
0.05 1.33E-09 5.21E-09 3.93
0.05 2.14E-09 5.69E-09 2.66
0.05 1.77E-09 5.74E-09 3.24  
Table 3.6. Table of data for a gluconic acid concentration of 0.05 mol dm-3. 
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gluconic acid 
concentration 
Tc-99 conc. 
after reduction
Tc-99 conc. 
after addition 
of ligand SEF
(Mol dm-3) (Mol dm-3) (Mol dm-3)
0.024 4.83E-09 3.50E-08 7.23
0.024 8.64E-09 3.33E-08 3.86
0.024 1.13E-08 3.06E-08 2.71
0.025 1.46E-09 4.09E-09 2.80
0.025 1.64E-09 3.58E-09 2.18
0.025 1.82E-09 4.09E-09 2.25
0.024 1.71E-09 5.37E-09 3.15
0.024 2.29E-09 5.61E-09 2.45
0.024 2.19E-09 5.13E-09 2.34  
Table 3.7. Table of data for a gluconic acid concentration of 0.025 mol dm-3 
 
gluconic acid 
concentration 
Tc-99 conc. 
after reduction
Tc-99 conc. 
after addition 
of ligand SEF
(Mol dm-3) (Mol dm-3) (Mol dm-3)
0.01 1.86E-08 2.85E-07 15.32
0.01 6.10E-08 3.16E-07 5.17
0.01 6.52E-08 2.99E-07 4.59
0.01 4.98E-09 1.71E-08 3.44
0.01 5.56E-09 1.53E-08 2.76
0.01 6.01E-09 1.37E-08 2.27
0.01 8.26E-09 1.22E-08 1.48
0.01 8.95E-09 1.08E-08 1.20
0.01 8.93E-09 1.04E-08 1.17   
Table 3.8. Table of data for a gluconic acid concentration of 0.01 mol dm-3 
 
EDTA 
concn.
Tc-99 Conc. 
after reduction
Tc-99 conc. 
after addition of 
ligand SEF
0.40 1.20E-07 2.43E-07 2.02
0.40 1.34E-07 2.54E-07 1.89
0.40 1.34E-07 2.42E-07 1.81
0.40 5.34E-09 5.66E-08 10.60
0.40 6.07E-09 4.94E-08 8.13
0.40 7.51E-09 4.40E-08 5.86
0.40 4.38E-09 4.80E-09 1.09
0.40 4.35E-09 5.21E-09 1.20
0.40 4.42E-09 4.85E-09 1.10  
Table 3.9. Table of data for an EDTA concentration of 0.4 mol dm-3 
 
EDTA 
concn.
Tc-99 Conc. 
after reduction
Tc-99 conc. 
after addition 
of ligand SEF
0.20 1.22E-07 2.11E-07 1.73
0.20 1.13E-07 2.04E-07 1.81
0.20 1.69E-07 1.89E-07 1.12
0.20 2.61E-08 5.35E-08 2.05
0.20 3.31E-08 5.16E-08 1.56
0.20 3.36E-08 5.11E-08 1.52
0.20 3.52E-08 5.36E-08 1.52
0.20 4.74E-08 4.54E-08 0.96
0.20 4.95E-08 4.79E-08 0.97  
Table 3.10. Table of data for an EDTA concentration of 0.2 mol dm-3 
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EDTA 
concn.
Tc-99 Conc. 
after reduction
Tc-99 conc. 
after addition 
of ligand SEF
0.15 4.70E-07 2.67E-07 0.57
0.15 4.95E-07 2.60E-07 0.52
0.15 5.26E-07 2.51E-07 0.48
0.15 1.59E-08 1.83E-08 1.15
0.15 1.65E-08 1.58E-08 0.96
0.15 1.66E-08 1.62E-08 0.98
0.15 1.83E-08 2.68E-08 1.46
0.15 2.07E-08 2.38E-08 1.15
0.15 2.08E-08 2.54E-08 1.22  
Table 3.11. Table of data for an EDTA concentration of 0.15 mol dm-3 
 
EDTA 
concn.
Tc-99 Conc. 
after reduction
Tc-99 conc. 
after addition 
of ligand SEF
0.10 3.80E-09 3.11E-09 0.82
0.10 2.77E-09 3.25E-09 1.17
0.10 2.27E-09 2.74E-09 1.21
0.11 4.86E-08 7.78E-08 1.60
0.11 6.75E-08 7.77E-08 1.15
0.11 8.24E-08 7.52E-08 0.91
0.10 1.20E-08 9.19E-09 0.77
0.10 1.14E-08 8.83E-09 0.78
0.10 1.19E-08 8.88E-09 0.74  
Table 3.12. Table of data for an EDTA concentration of 0.1 mol dm-3 
 
EDTA 
concn.
Tc-99 Conc. 
after reduction
Tc-99 conc. 
after addition 
of ligand SEF
0.073 2.59E-09 3.22E-09 1.25
0.073 1.66E-09 2.75E-09 1.66
0.073 1.92E-09 2.64E-09 1.37
0.077 1.02E-08 1.72E-07 16.83
0.077 5.90E-08 1.51E-07 2.56
0.077 9.66E-08 1.50E-07 1.56
0.076 3.96E-09 3.98E-08 10.06
0.076 4.57E-09 3.91E-08 8.55
0.076 1.20E-08 3.56E-08 2.97  
Table 3.13. Table of data for an EDTA concentration of 0.075 mol dm-3 
 
EDTA 
concn.
Tc-99 Conc. 
after reduction
Tc-99 conc. 
after addition 
of ligand SEF
0.049 1.47E-08 7.41E-08 5.06
0.049 2.26E-08 7.49E-08 3.32
0.049 3.26E-08 8.10E-08 2.49
0.050 -2.18E-10 3.92E-09 -17.95
0.050 -2.30E-11 2.40E-09 -104.24
0.050 9.80E-11 2.30E-09 23.44
0.050 6.24E-08 2.02E-07 3.23
0.050 8.65E-08 1.96E-07 2.27
0.050 8.93E-08 1.75E-07 1.96  
Table 3.14. Table of data for an EDTA concentration of 0.05 mol dm-3 
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EDTA 
concn.
 Tc-99 Conc. 
after reduction
Tc-99 conc. 
after addition 
of ligand SEF
0.026 1.39E-09 8.20E-10 0.59
0.026 7.28E-10 5.86E-10 0.80
0.026 1.27E-09 1.18E-10 0.09
0.026 2.15E-07 3.26E-07 1.52
0.026 2.91E-07 2.68E-07 0.92
0.026 3.08E-07 2.77E-07 0.90
0.025 1.66E-08 5.76E-08 3.48
0.025 2.23E-08 6.42E-08 2.88
0.025 2.42E-08 6.93E-08 2.86  
Table 3.15. Table of data for an EDTA concentration of 0.025 mol dm-3 
 
EDTA 
concn.
Tc-99 Conc. 
after reduction
Tc-99 conc. 
after addition 
of ligand SEF
0.01 1.06E-08 9.43E-09 0.89
0.01 1.18E-08 1.01E-08 0.86
0.01 1.16E-08 9.89E-09 0.85
0.01 4.51E-08 9.78E-08 2.17
0.01 5.03E-08 1.20E-07 2.39
0.01 5.18E-08 1.28E-07 2.46
0.01 4.27E-08 8.95E-09 0.21
0.01 4.64E-08 9.63E-09 0.21
0.01 4.98E-08 9.45E-09 0.19  
Table 3.16. Table of data for an EDTA concentration of 0.4 mol dm-3 
 
[PA] [Tc] Log[Pic] log Tc conc. 
0.400 4.05E-07 -0.523 -6.39 
0.400 4.17E-07 -0.523 -6.38 
0.400 3.98E-07 -0.523 -6.40 
0.400 4.09E-07 -0.523 -6.39 
0.400 4.12E-07 -0.523 -6.39 
 
Table 3.17 Table of data for a picolinic acid concentration of 0.4 mol dm-3 
 
[PA] [Tc] Log[Pic] log Tc conc. 
0.200 2.99E-07 -0.699 -6.52 
0.200 3.24E-07 -0.699 -6.49 
0.200 2.95E-07 -0.699 -6.53 
0.200 3.09E-07 -0.699 -6.51 
 
Table 3.18. Table of data for a picolinic acid concentration of 0.2 mol dm-3 
 
[PA] [Tc] Log[Pic] log Tc conc. 
0.100 7.68E-08 -1.000 -7.11 
0.100 7.68E-08 -1.000 -7.11 
0.100 7.77E-08 -1.000 -7.11 
0.100 7.89E-08 -1.000 -7.10 
 
Table 3.19. Table of date for a picolinic acid concentration of 0.1 mol dm-3 
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[PA] [Tc] Log[Pic] log Tc conc. 
0.050 6.30E-08 -1.301 -7.20 
0.050 5.93E-08 -1.301 -7.23 
0.050 6.21E-08 -1.301 -7.21 
0.050 6.36E-08 -1.301 -7.20 
0.049 1.04E-07 -1.308 -6.98 
0.049 1.05E-07 -1.308 -6.98 
0.049 1.09E-07 -1.308 -6.96 
0.048 4.10E-08 -1.321 -7.39 
0.048 4.02E-08 -1.321 -7.40 
0.048 3.85E-08 -1.321 -7.41 
0.047 9.81E-08 -1.330 -7.01 
0.047 1.13E-07 -1.330 -6.95 
0.047 1.15E-07 -1.330 -6.94 
 
 
Table 3.20. Table of data for a picolinic acid concentration of 0.05 mol dm-3 
 
[PA] [Tc] Log[Pic] log Tc 
conc. 
0.024 2.80E-08 -1.620 -7.55 
0.024 2.80E-08 -1.620 -7.55 
0.024 2.86E-08 -1.620 -7.54 
0.023 3.79E-08 -1.644 -7.42 
0.023 3.85E-08 -1.644 -7.41 
0.023 3.58E-08 -1.644 -7.45 
0.022 1.47E-08 -1.661 -7.83 
0.022 1.53E-08 -1.661 -7.81 
0.022 1.90E-08 -1.661 -7.72 
 
Table 3.21.Table of data for a picolinic acid concentration of ~0.025 mol dm-3 
 
[PA] [Tc] Log[Pic] log Tc 
conc. 
0.010 1.37E-08 -2.000 -7.86 
0.010 1.79E-08 -2.000 -7.75 
0.010 5.86E-09 -2.000 -8.23 
0.010 8.76E-09 -2.000 -8.06 
0.010 7.98E-09 -2.000 -8.10 
0.010 2.16E-08 -2.018 -7.67 
0.010 1.90E-08 -2.018 -7.72 
0.010 1.82E-08 -2.018 -7.74 
0.010 5.02E-09 -2.022 -8.30 
0.010 4.30E-09 -2.022 -8.37 
0.010 4.07E-09 -2.022 -8.39 
0.009 2.00E-08 -2.026 -7.70 
0.009 1.79E-08 -2.026 -7.75 
0.009 1.83E-08 -2.026 -7.74 
 
Table 3.22.Table of data for a picolinic acid concentration of 0.01 mol dm-3 
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 [ISA] [Tc] Log [ISA] Log[Tc]
(mol dm-3) (mol dm-3)   
0.050 1.83E-07 -1.303 -6.738 
0.050 1.81E-07 -1.303 -6.743 
0.050 1.77E-07 -1.303 -6.753 
0.051 3.54E-07 -1.296 -6.451 
0.051 3.45E-07 -1.296 -6.462 
0.051 3.34E-07 -1.296 -6.476 
0.075 6.68E-07 -1.126 -6.175 
0.075 4.36E-07 -1.126 -6.360 
0.075 5.58E-07 -1.126 -6.254 
0.099 6.69E-07 -1.004 -6.174 
0.099 6.56E-07 -1.004 -6.183 
0.099 6.02E-07 -1.004 -6.221 
0.101 1.62E-06 -0.996 -5.791 
0.101 1.45E-06 -0.996 -5.839 
0.101 1.50E-06 -0.996 -5.823 
0.200 7.99E-06 -0.699 -5.097 
0.200 7.52E-06 -0.699 -5.124 
0.200 7.52E-06 -0.699 -5.124 
 
Table 3.23. Table of data for ISA for concentrations 0.2 - 0.05 mol dm-3 
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Appendix 4 Data from Tc(VII) Sorption Experiments 
pH4
solid trial no. pH mean pH std dev. mass solid mass tc soln mass sample hcl added counts mean Std dev.
Calcite 1 7.95 0.1000 20.0042 2.0277 0 277.24
2 8.22 0.1000 20.013 2.0024 0 271.52
3 8.10 0.1001 20.0023 2.0156 0 270.52
4 8.19 8.12 0.12 0.1000 20.1065 2.0075 0 272.43 272.9275 2.978941
p. feldspar 1 7.62 0.1002 20.0091 2.0225 0 275.71
2 7.45 0.1007 20.0123 2.0141 0 280.88
3 7.44 0.1002 20.0179 2.0045 0 268.65
4 7.60 7.53 0.10 0.1005 20.0053 2.0093 0 273.15 274.5975 5.104752
goethite 1 7.00 0.1006 20.0228 2.0212 0 279.1
2 7.01 0.1000 20.0089 2.0238 0 277.34
3 6.87 0.1002 20.0011 2.0161 0 270.59
4 6.86 6.94 0.08 0.1009 20.0112 2.0222 0 273.97 275.25 3.765838
adamelite granite 1 7.21 0.1000 20.0119 2.0125 0 189.04
2 7.18 0.1005 20.112 2.0159 0 173.87
3 6.87 0.1004 20.0089 2.0019 0 183.17
4 7.20 7.12 0.16 0.1001 20.0092 2.0135 0 185.51 182.8975 6.483967
limestone 1 8.18 0.1005 20.0049 2.0134 0 271.59
2 8.21 0.1000 20.0348 2.018 0 270.59
3 8.19 0.1000 20.0181 2.0022 0 269.26
4 8.22 8.20 0.02 0.1001 20.0013 2.0143 0 273.65 271.2725 1.85016
montmorilonite 1 4.14 0.1003 20.1536 2.0228 0 218.12
2 4.06 0.1006 20.0124 2.0425 0 226.49
3 4.04 0.1006 20.0076 2.0169 0 210.64
4 4.06 4.08 0.04 0.1008 20.0039 2.0074 0 212 216.8125 7.225498
quartz 1 6.51 0.1000 20.0059 2.0032 0 272.63
2 6.34 0.1005 20.0174 2.0125 0 280.72
3 6.69 0.1006 20.01 2.0108 0 278.97
4 6.40 6.49 0.15 0.1008 20.0048 2.0188 0 274.53 276.7125 3.76769
sand 1 5.04 0.1000 20.0093 2.0027 0 265.13
2 5.03 0.1000 20.0024 2.0126 0 275.41
3 5.17 0.1001 20.0231 2.008 0 270.27
4 5.47 5.18 0.21 0.1002 20.018 2.0109 0 276.32 271.7825 5.173364
sandstone 1 6.31 0.1003 20.0207 2.0083 0 274.48
2 6.50 0.1002 20.022 2.0009 0 269.69
3 6.40 0.1006 20.0305 2.0193 0 270.34
4 6.81 6.51 0.22 0.1009 20.0327 2.0191 0 267.49 270.5 2.920171
kaolin 1 6.93 0.1001 20.0678 2.0047 0 275.48
2 6.83 0.1005 20.0282 2.0058 0 271.69
3 6.76 0.1004 20.0204 2.0167 0 270.94
4 6.82 6.84 0.07 0.1003 20.0282 2.0204 0 277.09 273.8 2.959628
graphic 1 6.84 0.1004 20.0247 2.0258 0 271.13
2 6.63 0.1000 20.014 2.01 0 268.54
3 6.53 0.1009 20.0149 2.0135 0 271.79
4 6.65 6.66 0.13 0.1001 20.0193 2.0015 0 271.89 270.8375 1.56834
Rapakivi 1 7.02 0.1006 20.0229 2.0182 0 277.65
2 7.1 0.1008 20.0099 2.0158 0 270.08
3 7.13 0.1002 20.0092 2.0061 0 277.62
4 7.16 7.10 0.06 0.1010 20.0233 2.0208 0 275.59 275.235 3.569337
Biotite 1 7.84 0.1009 20.0191 2.0089 0 272.28
2 7.89 0.1004 20.0964 2.022 0 276.35
3 7.97 0.1002 20.0121 2.0393 0 278.4
4 7.84 7.89 0.06 1.0090 20.0213 2.238 0 271.84 274.7175 3.185764
grey 1 8.08 0.1004 20.0063 2.0068 0 274.75
2 8.09 0.1000 20.0013 2.0151 0 275.63
3 8.08 0.1002 20.0775 2.0115 0 273.05
4 8.06 8.08 0.01 0.1007 20.0035 2.0252 0 277.66 275.2725 1.918374
pH 4 contro 6.23 277.09  
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pH7
solid trial no. pH mean pH std dev. mass solid mass tc soln mass sample hcl added counts Mean Std. Dev
Calcite 1 8.04 0.1005 20.0172 2.0022 0 269.98
2 8.41 0.1005 20.0168 2.0046 0 264.93
3 8.60 0.1008 20.0142 2.0088 0 272.28
4 8.77 8.46 0.31 0.1002 20.0259 2.0160 0 271.23 269.605 3.25538
p. feldspar 1 7.68 0.1055 20.0236 2.0178 0 269.54
2 7.40 0.1002 20.0170 2.0163 0 273.61
3 7.45 0.1003 20.0134 2.0154 0 269.47
4 7.41 7.49 0.13 0.1001 20.0026 2.0021 0 268.41 270.2575 2.294012
goethite 1 6.86 0.1008 20.0053 2.0271 0 240.48
2 6.82 0.1001 20.0175 2.0034 0 215.28
3 6.79 0.1007 20.0092 2.0173 0 240.64
4 6.81 6.82 0.03 0.1005 20.0172 2.0017 0 237.14 233.385 12.17737
adamelite granite 1 6.95 0.1000 20.0076 2.0134 0 228.83
2 7.01 0.1007 20.0043 2.0180 0 226.3
3 7.12 0.1001 20.0237 2.0137 0 205.42
4 7.11 7.05 0.08 0.1001 20.0245 2.0015 0 169.07 207.405 27.62586
limestone 1 8.04 0.1008 20.0062 2.0010 0 272.36
2 8.09 0.1002 20.0138 2.0087 0 272.55
3 8.50 0.1008 20.0059 2.0168 0 273.37
4 8.16 8.20 0.21 0.1004 20.1578 2.0159 0 267.31 271.3975 2.760017
montmorilonite 1 4.19 0.1001 20.0037 2.0107 0 218.05
2 4.15 0.1000 20.0250 2.0133 0 220.79
3 4.13 0.1008 20.0113 2.0069 0 220.26
4 4.12 4.15 0.03 0.1006 20.0089 2.0137 0 219.1 219.55 1.223955
quartz 1 6.28 0.1003 20.0015 2.0034 0 269.11
2 6.48 0.1001 20.0095 2.0142 0 272.03
3 6.48 0.1006 20.0193 2.0101 0 267.81
4 6.51 6.44 0.11 0.1005 20.0146 2.0142 0 270.91 269.965 1.873704
sand 1 6.34 0.1000 20.0015 2.0211 0 272.42
2 6.18 0.1001 20……. 2.0017 0 272.43
3 6.25 0.1002 20.0572 2.0060 0 267.93
4 6.26 6.26 0.07 0.1005 20.0060 2.0233 0 275.21 271.9975 3.012766
sandstone 1 8.47 0.1002 20.0059 2.0225 0 265.56
2 7.84 0.1000 20.0013 2.0153 0 271.7
3 7.63 0.1006 20.0262 2.0121 0 269.38
4 7.9 7.96 0.36 0.1004 20.0179 2.0180 0 271.25 269.4725 2.795083
kaolin 1 7.77 0.1008 20.0162 2.0042 0 282.47
2 7.77 0.1001 20.0289 2.0257 0 279.88
3 7.83 0.1004 20.0066 2.0166 0 284.36
4 7.73 7.78 0.04 0.1000 20.0678 2.0175 0 278.85 281.39 2.497932
graphic 1 7.76 0.1001 20.0374 2.0043 0 275.39
2 7.76 0.1006 20.0112 2.026 0 279.15
3 7.76 0.1003 20.0009 2.017 0 276.93
4 7.75 7.76 0.00 0.1001 20.0302 2.0228 0 276.47 276.985 1.581086
Rapakivi 1 7.84 0.1002 20.0084 2.0111 0 275.13
2 7.83 0.1005 20.0186 2.0099 0 281.48
3 7.9 0.1003 20.0036 2.0017 0 281.56
4 7.87 7.86 0.03 0.1003 20.0252 2.0037 0 271.74 277.4775 4.868829
Biotite 1 8.11 0.1003 20.0086 2.0122 0 279.12
2 8.13 0.1006 20.0147 2.0223 0 281.96
3 8.17 0.1000 20.0204 2.0159 0 279.34
4 8.16 8.14 0.03 0.1001 20.0208 2.0098 0 282.65 280.7675 1.799803
grey 1 8.11 0.1002 20.0222 2.0064 0 280.9
2 8.18 0.1006 20.0144 2.0194 0 281.77
3 8.18 0.1000 20.0255 2.0166 0 285.23
4 8.17 8.16 0.03 0.1004 20.0202 2.0077 0 276.09 280.9975 3.76846
pH 7 contro 7.75 268.68  
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ph10
solid trial no. pH pH mean std. dev mass solid mass tc soln mass sample hcl added counts mean std. dev
Calcite 1 7.79 0.1001 20.0092 2.0092 0.2001 263.23
2 7.92 0.1003 20.0084 2.0204 0.1995 268.82
3 7.98 0.1005 20.0695 2.0170 0.1991 267.38
4 8.05 7.94 0.11 0.1001 20.0883 2.0081 0.2009 266.01 266.36 2.381274
p. feldspar 1 7.64 0.1009 20.0164 2.0277 0.2004 264.88
2 8.10 0.1008 20.0184 2.0280 0.1996 268.24
3 8.19 0.1008 20.0014 2.0133 0.2008 267.91
4 7.68 7.90 0.28 0.1003 20.0282 2.0121 0.1990 263.07 266.025 2.483445
goethite 1 7.53 0.1000 20.0137 2.0161 0.2009 226.52
2 7.66 0.1007 20.0042 2.0026 0.2006 229.31
3 7.45 0.1007 20.0092 2.0231 0.2019 225.09
4 7.51 7.54 0.09 0.1006 20.0016 2.0245 0.2012 228.13 227.2625 1.845343
adamelite granite 1 7.39 0.1000 20.0071 2.0046 0.2007 254.16
2 7.48 0.1005 20.0078 2.0195 0.2011 261.71
3 7.60 0.1001 20.0311 2.0014 0.2011 236.6
4 7.52 7.50 0.09 0.1001 20.0130 2.0124 0.2021 252.79 251.315 10.56499
limestone 1 9.01 0.1000 20.0063 2.0219 0.2025 269.52
2 8.22 0.1003 20.0145 2.0175 0.2040 271.84
3 8.15 0.1006 20.0467 2.0364 0.2034 279.13
4 8.17 8.39 0.42 0.1007 20.0147 2.0162 spilt 175.35 248.96 49.24385
montmorilonite 1 4.42 0.1002 20.0049 2.0044 0.2014 219.73
2 4.35 0.1009 20.0293 2.0107 0.2185 232.2
3 4.35 0.1007 20.0015 2.0057 0.2023 226.36
4 4.40 4.38 0.04 0.1001 20.0347 2.0190 0.2001 222.56 225.2125 5.392448
quartz 1 7.47 0.1004 20.0140 2.0090 0.2013 263.57
2 7.57 0.1000 20.1138 2.0183 0.2007 267.88
3 7.51 0.1004 20.0252 2.0175 0.2003 263.39
4 7.50 7.51 0.04 0.1006 20.0063 2.0180 0.1999 259.81 263.6625 3.302114
sand 1 7.48 0.1007 20.0163 2.0158 0.2010 262.49
2 7.45 0.1009 20.0163 2.0052 0.2003 265.59
3 7.53 0.1002 20.0304 2.0073 0.2020 268.48
4 7.47 7.48 0.03 0.1004 20.0557 2.0084 0.2025 267.39 265.9875 2.618529
sandstone 1 7.79 0.1000 20.0169 2.0050 0.2032 261.70
2 7.80 0.1009 20.0053 2.0225 0.2007 266.62
3 7.69 0.1007 20.0140 2.0127 0.2008 262.88
4 7.84 7.78 0.06 0.1005 20.0350 2.0187 0.1994 265.35 264.1375 2.247641
kaolin 1 7.81 0.1000 20.0028 2.0055 0.1948 268.1
2 7.75 0.1000 20.035 2.0068 0.1978 271.77
3 8.33 0.1004 20.0149 2.0101 2.0006 271.26
4 7.79 7.92 0.27 0.1001 20.0163 2.0217 0.2012 266.44 269.3925 2.551331
graphic 1 7.82 0.1009 20.0403 2.0111 0.2022 269.09
2 7.78 0.1006 20.0141 2.0308 0.2014 268.17
3 7.79 0.1000 20.0012 2.0051 0.2008 269.18
4 7.74 7.78 0.03 0.1003 20.02 2.0007 0.2008 272.55 269.7475 1.923268
Rapakivi 1 7.48 0.1000 20.0056 2.0145 0.2006 266.55
2 7.55 0.1006 20.0117 2.0144 0.2015 273.92
3 7.64 0.1009 20.0342 2.0097 0.2012 265.26
4 7.71 7.60 0.10 0.1006 20.0245 2.006 0.2029 270.66 269.0975 3.954494
Biotite 1 8.01 0.1005 20.0132 2.0094 0.2039 264.98
2 8.02 0.1003 20.0119 2.0033 0.2043 266.49
3 8.08 0.1008 20.0203 2.0148 0.2057 271.72
4 8.09 8.05 0.04 0.1001 20.0172 2.0241 0.2 270.11 268.325 3.123486
grey 1 8.13 0.1000 20.019 2.0077 0.2026 267.24
2 8.13 0.1000 20.0054 2.0004 0.202 270.08
3 8.11 0.1005 20.0137 2.018 0.2045 272.48
4 8.14 8.13 0.01 0.1001 20.019 2.0107 0.2032 269.9333 2.623077
pH 10 cont 7.63 267.19  
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ph13
solid trial no. pH mean pH std dev mass solid mass tc soln mass sample hcl added counts mean std dev
Calcite 1 12.97 0.1009 20.5006 2.0129 0.2036 263
2 12.96 0.1002 20.0140 2.0063 0.2019 265.47
3 13.01 0.1002 20.0041 2.0050 0.2017 260.51
4 13.00 12.99 0.023805 0.1002 20.0938 2.0164 0.2019 265.84 263.705 2.475109
p. feldspar 1 13.03 0.1002 20.0400 2.0030 0.2010 263.30
2 13.05 0.1008 20.0179 2.0211 0.2021 265.75
3 13.08 0.1003 20.0280 2.0183 0.2014 267
4 13.08 13.06 0.024495 0.1004 20.0082 2.0140 0.2021 254.61 262.665 5.585568
goethite 1 13.22 0.1009 20.0226 2.0021 0.2023 267.08
2 13.16 0.1009 20.0234 2.0264 0.2025 263.64
3 13.15 0.1002 20.0151 2.0247 0.2017 261.67
4 13.16 13.17 0.032016 0.1004 20.0352 2.0016 0.2017 257.73 262.53 3.903597
adamelite granite 1 13.02 0.1004 20.0176 2.0110 0.2025 260.42
2 13.09 0.1000 20.0229 2.0146 0.1998 262.26
3 13.11 0.1003 20.0174 2.0202 0.2023 258.09
4 13.08 13.08 0.03873 0.1008 20.0250 2.0067 0.2023 262.15 260.73 1.951324
limestone 1 13.10 0.1007 20.0427 2.0002 0.2028 264.67
2 13.07 0.1008 20.0521 2.0118 0.2028 258.77
3 13.10 0.1005 20.0213 2.0095 0.2019 262.27
4 13.11 13.10 0.017321 0.1003 20.0090 2.0178 0.2013 264.25 262.49 2.691765
montmorilonite 1 13.03 0.1005 20.0098 2.0170 0.2020 265.32
2 13.09 0.1003 20.0253 2.0253 0.2018 260.55
3 13.10 0.1008 20.0092 2.0050 0.2021 258.53
4 13.07 13.07 0.030957 0.1007 20.0233 2.0006 0.2017 260.16 261.14 2.920788
quartz 1 13.09 0.1000 20.0138 2.0261 0.2013 262.01
2 13.11 0.1002 20.0105 2.0151 0.2031 263.18
3 13.11 0.1009 20.0102 2.0133 0.2020 263.5
4 13.11 13.11 0.01 0.1000 20.0017 2.0322 0.2023 261.04 262.4325 1.127811
sand 1 13.12 0.1001 20.1933 2.0036 0.2010 264.48
2 13.13 0.1002 20.0210 2.0044 0.2012 262.29
3 13.13 0.1007 20.0016 2.0286 0.2014 256.67
4 13.14 13.13 0.008165 0.1005 20.0179 2.0046 0.2019 261.16 261.15 3.289326
sandstone 1 13.03 0.1000 20.0194 2.0047 0.2023 257.35
2 13.00 0.1007 20.0121 2.0164 0.2029 262.82
3 13.00 0.1007 20.0036 2.0013 0.2032 270.49
4 13.06 13.02 0.028723 0.1002 20.0398 2.0051 0.1990 265.89 264.1375 5.514571
kaolin 1 9.95 0.1009 20.0237 2.0022 0.2002 269.57
2 12.59 0.1002 20.0223 2.0172 0.201 273.52
3 10.02 0.1001 20.012 2.0068 0.2012 271.94
4 10.86 10.86 1.228346 0.1001 20.0068 2.0095 0.2023 268.73 270.94 2.192213
graphic 1 12.56 0.1005 20.051 2.0201 0.2043 268.46
2 10.44 0.1002 20.0007 2.0009 0.2071 271.3
3 12.65 0.1007 20.0004 2.0184 0.2067 276.17
4 12.85 12.13 1.129852 0.1003 20.0236 2.0002 0.2005 274.05 272.495 3.348278
Rapakivi 1 9.93 0.1004 20.1051 2.0083 0.2011 271.77
2 9.93 0.1004 20.0198 2.0065 0.2002 272.34
3 10.00 0.1007 20.0413 2.0058 0.2009 273.23
4 10.06 9.98 0.062716 0.1001 20.0277 2.0202 0.2009 269.98 271.83 1.371884
Biotite 1 12.87 0.1000 20.0333 2.0253 0.1975 274.03
2 12.81 0.1000 20.0066 2.0291 0.2014 270.64
3 12.87 0.1006 20.0068 2.0076 0.1981 268.63
4 12.85 12.85 0.028284 0.1006 20.0206 2.0094 0.2007 273.99 271.8225 2.655904
grey 1 12.90 0.1006 20.0583 2.017 0.2021 271.69
2 12.99 0.1003 20.0338 2.02 0.2022 274.43
3 12.92 0.1003 20.0216 2.0181 0.2021 274.16
4 12.96 12.94 0.040311 0.1005 20.021 2.0145 0.2044 270.13 272.6025 2.058436
pH 13 cont 12.75 258.25  
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Sorption study data – set 2 
pH 4
solid trial no. pH mean pH std. dev mass solid mass tc soln mass sample counts mean std. dev
Norweigian 
dolomite 1 8.86 0.1 20.0113 2.0147
2 8.73 0.1005 20.0037 2.0104 286.7
3 8.83 0.1001 20.0098 2.0109 300.75
4 8.78 8.80 0.06 0.1001 20.0013 2.1212 319.86 302.4367 16.64422
moroccan 
calcite 1 7.73 0.1007 20.0208 2.381 140.05
2 7.95 0.1 20.0251 2.0442 288.55
3 8.31 0.1003 20.0445 1.988 292.26
4 8.33 8.08 0.29 0.1005 20.0025 2.0263 304.72 256.395 77.87106
oxfordian 
clay 1 8.41 0.1009 20.0201 2.019 155.08
2 8.42 0.1002 20.0029 2.0055 270.64
3 8.48 0.1003 20.0202 2.0247 291.49
4 8.54 8.46 0.06 0.1008 20.0197 2.0323 298.24 253.8625 66.89459
Illite 1 5.57 0.1006 20.0084 1.9772 198.37
2 5.36 0.1007 20.0146 1.9988 281.85
3 5.27 0.1008 20.0304 2.1115 302.94
4 5.25 5.36 0.15 0.1005 20.0215 2.0627 308.55 272.9275 51.01681
cambrian 1 8.64 0.1006 20.0193 2.0297 147.9
2 8.60 0.1004 20.0166 2.0748 260.71
3 8.61 0.1005 20.0358 2.012 287.33
4 8.55 8.6 0.04 0.1001 20.0094 2.037 294.55 247.6225 68.0557
eocene 1 7.92 0.1007 20.0052 2.0196 68.73
2 7.86 0.1001 20.0343 2.0449 235.55
3 7.93 0.1001 20.0137 2.0169 278.97
4 8.00 7.93 0.06 0.1006 20.0304 2.0255 297.47 220.18 104.2487
control 1 302.82
2 302.24
3 6.23 307.22 304.0933 2.723258  
pH 7
solid trial no. pH mean pH std. dev mass solid mass tc soln mass sample counts mean std. dev
Norweigian 
dolomite 1 8.84 0.1008 20.0017 2.0121 152.38
2 9.08 0.1007 20.0169 2.0794 206.74
3 9.01 0.1 20.0155 2.0213 220.43
4 8.94 8.97 0.10 0.1009 20.016 2.0415 230.7 219.29 12.02061
moroccan 
calcite 1 8.55 0.1009 20.0228 2.0191 138.63
2 8.49 0.1 20.071 2.0286 207.66
3 8.43 0.1003 20.0099 2.0339 223
4 8.52 8.4975 0.05 0.1009 20.0195 2.0329 227.86 199.2875 41.34449
oxfordian 
clay 1 8.66 0.1003 20.04 2.0116 130.95
2 8.76 0.1005 20.0178 2.0251 208.4
3 8.63 0.1009 20.0067 2.0251 222.37
4 8.76 8.70 0.07 0.1003 20.0043 2.0262 227.22 197.235 44.90444
Illite 1 6.33 0.1007 20.0104 2.0219 188.45
2 6.31 0.1009 20.0302 2.0538 222.27
3 6.30 0.1006 20.0425 2.0038 221.88
4 6.32 6.315 0.01 0.1006 20.0181 2.0709 220.45 213.2625 16.56016
cambrian 1 8.78 0.1002 20.0068 2.0324 127.38
2 8.74 0.1001 20.0016 2.0142 199.72
3 8.92 0.1002 20.0058 2.0218 213.76
4 8.92 8.84 0.09 0.1001 20.0138 2.0238 220.62 190.37 42.8848
eocene 1 7.82 0.1004 20.0225 2.0506 84.82
2 7.90 0.1004 20.0325 2.0177 177.76
3 8.09 0.1002 20.019 2.1478 219.29
4 7.83 7.91 0.13 0.1001 20.0052 2.0012 210.57 173.11 61.51583
control 1 228.02
2 7.75 224.11
3 6.62 7.19 224.16 225.43 2.243145  
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Sorption studies data – Richard Cowell3 
Any boxes highlighted in gold were deemed to be outliers. 
pH 4 April 30th 2008 pH 7 May 2nd 2008 
Mineral CPM1 Final pH Mineral CPM1 Final pH 
Magnetite 1 255 8.51 Magnetite 1 261.8 9.7 
2 232.4 8.02 2 262.9 9.78 
3 258.8 8.5 3 303.9 9.84 
4 246.9 8.52 4 279.4 9.75 
5 275.1 8.42 5 283.7 9.76 
Average 253.64 8.394 Average 278.34 9.766 
SD 15.696 0.212 SD 17.285 0.0507 
Haematite 1 266.7 4.2 Haematite 1 314.4 6.59 
2 263 4.04 2 295.1 6.62 
3 289.4 4.02 3 297.2 6.55 
4 308.7 3.99 4 281.3 6.49 
5 289.4 3.96 5 325 6.49 
Average 283.44 4.042 Average 302.6 6.548 
SD 18.755 0.0933 SD 17.176 0.058 
Pyrite 1 247.5 3.6 Pyrite 1 279.8 3.8 
2 295.6 3.56 2 279.1 3.77 
3 306 3.58 3 263.1 3.75 
4 305.3 3.56 4 297.6 3.75 
5 316.8 3.57 5 307 3.79 
Average 294.24 3.574 Average 285.32 3.772 
SD 27.18 0.0167 SD 17.202 0.02280 
Ironstone 1 296.2 4.03 Ironstone 1 237.8 5.88 
2 295.7 4.01 2 302.1 5.87 
3 394.2 4.04 3 283.3 5.92 
4 281.3 4.04 4 316.4 5.93 
5 299.7 4.02 5 300.6 5.95 
Average 313.42 4.028 Average 288.04 5.91 
SD 45.705 0.0130 SD 30.43 0.03391 
Bentonite 5 159.7 9.6 Bentonite 1 147.8 9.94 
Average 159.7 9.6 2 237.6 9.92 
Barites 1 220.1 7.49 3 191.7 9.93 
2 272.7 7.23 4 111.2 9.96 
3 290.8 7.19 5 137.7 9.95 
4 295.2 6.97 Average 165.2 9.94 
5 304.8 6.8 SD 49.797 0.01581 
Average 276.72 7.136 Barites 1 298 9.25 
SD 33.72 0.263 2 273.7 9.59 
Gypsum 1 51.5 4.33 3 274 9.56 
2 50.2 4.23 4 279.8 9.51 
3 53.4 4.21 5 301.8 9.56 
4 55.1 4.18 Average 285.46 9.494 
5 97.8 4.19 SD 13.47 0.1393 
Average 61.6 4.228 Gypsum 1 87.2 6.88 
SD 20.321 0.06016 2 189.4 6.78 
Shales 1 106.6 6.07 3 157.1 6.69 
2 84.6 6.12 4 187.5 6.66 
3 84.9 6.13 5 199.8 6.64 
4 79.9 6.14 Average 183.45 6.6925 
5 78.8 6.16 SD 18.37 0.0618 
Average 86.96 6.124 Shales 1 166.2 7.08 
SD 11.31 0.0336 2 152.5 7.08 
Andesite 1 236.7 7.46 3 154.5 7.1 
2 269.2 7.66 4 150.8 7.12 
3 275.1 7.72 5 158 7.1 
4 284.9 7.75 Average 156.4 7.096 
5 299.7 7.77 SD 6.098 0.0167 
Average 273.12 7.672 Andesite 1 253.5 9.08 
SD 23.40 0.1255 2 270.9 8.88 
pH 10   3 284.9 8.95 
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Magnetite 1 231.6 9.74 4 287 9 
2 278.1 9.83 5 345 9.24 
3 287.9 9.9 Average 288.26 9.03 
4 290.4 9.93 SD 34.430 0.1382 
5 296.6 9.94    
Average 276.92 9.868    
SD 26.19 0.083    
Haematite 1 275.4 7.68    
2 284.8 7.68    
3 291.2 7.51    
4 304.6 7.48    
5 320.3 7.5    
Average 295.26 7.57    
SD 17.56 0.1009    
Pyrite 1 139.3 3.94    
2 230.6 3.86    
3 276.2 3.84    
4 276.1 3.85    
5 298.8 3.8    
Average 270.425 3.8375    
SD 28.61 0.0262    
Ironstone 1 284.1 6.67    
2 263.1 6.75    
3 298.1 6.71    
4 297.5 6.67    
5 312.2 6.81    
Average 291 6.722    
SD 18.49 0.0593    
Bentonite 1 54.5 9.79    
2 117.7 9.95    
3 51.2 10.04    
4 49.4 10.05    
5 46.7 10.07    
Average 50.45 9.9875    
SD 3.272 0.132    
Barites 1 187.1 9.63    
2 282.4 9.79    
3 274 9.8    
4 303.9 9.75    
5 288 9.8    
Average 267.08 9.754    
SD 12.60 0.0238    
Gypsum 1 54.5 6.87    
2 69.9 6.95    
3 141.3 7.01    
4 214.6 7.01    
5 235.5 7.04    
Average 143.16 6.976    
SD 81.94 0.0676    
Shales 1 333.3 7.4    
2 181.1 7.37    
3 186 7.51    
4 212.5 7.56    
5 191.3 7.46    
Average 192.725 7.475    
SD 13.82 0.0810    
Andesite 1 75.5 9.04    
2 176.7 9.18    
3 264.8 9.24    
4 225 9.28    
5 263.7 9.22    
Average 232.55 9.23    
SD 41.57 0.0416    
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Appendix 5 Tc(IV) sorption 
pH 7
solid trial number solid mass counts
BKG 
corrected ave counts wall Rd(NF) ave Rd std dev
filtered 
counts
BKG 
corrected ave counts final pH
Wall 
sorption Rd(F) ave Rd std dev
Milky Quartz 1 0.1004 4159.42 4088 0 1227 3644.42 3570 8.71 0 1437
2 0.1004 4273.42 4202 0 1188 3939.42 3865 6.77 0 1312
3 0.1009 4613.42 4542 4277.33 0 1084 1166 74 4469.42 4395 3943.33 6.72 0 1129 1292 154
Bentonite 1 0.1005 777.42 706 0 8061 537.42 463 8.76 0 12419
2 0.1003 686.42 615 0 9283 504.42 430 8.71 0 13387
3 0.1001 678.42 607 642.67 0 9408 8917 744 502.42 428 440.33 8.84 0 13450 13085 578
micro granite 1 0.1001 284.42 213 0 27180 226.42 152 8.02 0 38237
2 0.1003 280.42 209 0 27704 290.42 216 8.06 0 26848
3 0.1001 342.42 271 231.00 0 21320 25402 3544 271.42 197 188.33 7.96 0 29457 31514 5967
graphic granite 1 0.1001 4323.42 4252 0 1172 3156.42 3082 6.80 0 1696
2 0.1000 5373.42 5302 0 900 4472.42 4398 6.91 0 1128
3 0.1001 6200.42 6129 5227.67 0 752 941 213 5553.42 5479 4319.67 6.62 0 866 1230 424
townite basalt 1 0.1000 473.42 402 0 14307 287.42 213 7.88 0 27229
2 0.1005 464.42 393 0 14640 297.42 223 8.02 0 25999
3 0.1001 1188.42 1117 637.33 0 5021 11323 5460 603.42 529 321.67 7.87 0 10844 21357 9125
Illite 1 0.1006 439.42 368 0 15648 296.42 222 7.71 0 26117
2 0.1004 393.42 322 0 17912 287.42 213 7.52 0 27229
3 0.1002 629.42 558 416.00 0 10252 14604 3935 332.42 258 231.00 7.62 0 22445 25264 2504
Smectite 1 0.1000 7260.42 7189 0 611 4932.42 4858 4.95 0 1003
2 0.1005 7145.42 7074 0 624 5100.42 5026 4.93 0 962
3 0.1003 8992.42 8921 7728.00 0 454 563 95 5884.42 5810 5231.33 4.95 0 806 924 104
Rapakivi 1 0.1005 3640.42 3569 0 1434 1423.42 1349 6.45 0 4131
2 0.1004 2403.42 2332 0 2301 1413.42 1339 6.21 0 4163
3 0.1009 5193.42 5122 3674.33 0 939 1558 690 2380.42 2306 1664.67 6.64 0 2334 3543 1047
plagioclase 
feldspar 1 0.1008 1420.4 1348.98 0 4123 1124.42 1050 6.89 0 5364
2 0.1006 3377.42 3306 0 1564 2416.42 2342 7.10 0 2295
3 0.1006 4279.42 4208 2954.33 0 1186 2291 1598 3811.42 3737 2376.33 7.23 0 1363 3007 2093
sandstone 1 0.1008 2477.42 2406 0 2224 1219.42 1145 6.24 0 4903
2 0.1003 3189.42 3118 0 1670 1874.42 1800 6.93 0 3046
3 0.1007 2375.42 2304 2609.33 0 2331 2075 355 1440.42 1366 1437.00 6.90 0 4077 4008 930
limestone 1 0.1009 2090.42 2019 0 2689 1243.42 1169 8.35 0 4798
2 0.1005 509.42 438 0 13115 582.42 508 8.38 0 11301
3 0.1005 408.42 337 931.33 0 17106 10970 7444 417.42 343 673.33 8.58 0 16833 10977 6024
shale 1 0.1006 1595.42 1524 0 3627 468.42 394 7.12 0 14628
2 0.1002 1240.42 1169 0 4789 443.42 369 7.16 0 15633
3 0.1007 1369.42 1298 1330.33 0 4293 4236 583 502.42 428 397.00 7.14 0 13450 14571 1092
sand 1 0.1008 6932.42 6861 0 650 6288.42 6214 6.06 0 740
2 0.1002 7411.42 7340 0 595 6632.42 6558 6.49 0 691
3 0.1001 6278.42 6207 6802.67 0 740 661 73 5613.42 5539 6103.67 6.39 0 855 762 84
NRVB 1 0.1002 938.42 867 0 6527 807.42 733 12.07 0 7771
2 0.1006 865.42 794 0 7145 825.42 751 12.06 0 7579
3 0.1004 1062.42 991 884.00 0 5685 6452 733 947.42 873 785.67 12.04 0 6492 7281 689
PCM 1 0.1007 1103.42 1032 0 5451 883.42 809 11.32 0 7022
2 0.1001 1148.42 1077 0 5215 965.42 891 11.42 0 6357
3 0.1006 1034.42 963 1024.00 0 5856 5507 324 1010.42 936 878.67 11.42 0 6042 6474 500
OPC 1 0.1009 1042 807 0 126 1025 760 12.21 0 128
2 0.1007 1141 906 0 91 1113 848 12.22 0 94
3 0.1002 1210 975 896.00 0 70 96 28 1180 915 841.00 12.21 0 73 99 28
Haematite 1 0.1008 2407.42 2336 0 2297 1038.42 964 5.84 0 5861
2 0.1001 2048.42 1977 0 2750 922.42 848 6.01 0 6690
3 0.1009 2026.42 1955 2089.33 0 2783 2610 272 1024.42 950 920.67 5.90 0 5950 6167 455
Montmorillonite 1 0.1007 4437.42 4366 0 1136 2820.42 2746 4.31 0 1928
2 0.1001 5353.42 5282 0 904 3374.42 3300 4.28 0 1570
3 0.1001 7831.42 7760 5802.67 0 552 864 294 4844.42 4770 3605.33 4.25 0 1025 1508 455
goethite 1 0.1004 8836.42 8765 0 465 8626.42 8552 5.92 0 483
2 0.1003 7264.42 7193 0 611 7751.42 7677 6.15 0 561
3 0.1001 7556.42 7485 7814.33 0 579 552 76 7611.42 7537 7922.00 6.14 0 575 540 50
29231.4 29159.98 29286.4 29211.98 57 0
71.42 0 74.42 0 58
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pH 10
solid trial number solid mass counts BKG Ave.
wall 
sorption Rd(NF) ave Rd std dev
filtered 
counts BKG
wall 
sorption Rd(F) ave Rd std dev final pH
Milky Quartz 1 0.1003 1253 1008 0 110 903 671 0 266 11.34
2 0.1004 1388 1143 0 73 1404 1172 0 67 11.63
3 0.1003 1479 1234 0 53 78 29 1536 1304 0 40 124 124 11.64
Bentonite 1 0.1006 285 40 0 7600 282 50 0 6052 7.83
2 0.1005 284 39 0 7800 309 77 0 3860 7.67
3 0.1006 1228 983 0 117 5172 4379 1045 813 0 185 3365 2965 12.43
micro granite 1 0.1007 1431 1186 0 63 1357 1125 0 78 11.72
2 0.1002 1308 1063 0 94 1362 1130 0 77 11.63
3 0.1001 1323 1078 0 89 82 17 1280 1048 0 98 84 12 11.62
graphic granite 1 0.1009 1457 1212 0 57 1484 1252 0 50 11.67
2 0.1005 1501 1256 0 48 1487 1255 0 49 11.65
3 0.1000 1484 1239 0 52 53 5 1388 1156 0 70 56 12 11.64
townite basalt 1 0.1003 872 627 0 298 731 499 0 426 11.59
2 0.1005 1409 1164 0 68 1232 1000 0 113 11.59
3 0.1002 1335 1090 0 86 151 128 1345 1113 0 81 207 191 11.60
Illite 1 0.1004 1357 1112 0 81 1338 1106 0 83 11.52
2 0.1002 1299 1054 0 96 1324 1092 0 86 11.52
3 0.1009 1338 1093 0 85 87 8 1333 1101 0 84 84 2 11.54
Smectite 1 0.1005 1349 1104 0 83 1385 1153 0 71 11.52
2 0.1007 1279 1034 0 102 1274 1042 0 100 11.47
3 0.1000 1299 1054 0 96 93 10 1338 1106 0 83 85 15 11.47
Rapakivi 1 0.1002 1417 1172 0 66 1436 1204 0 60 11.62
2 0.1000 1369 1124 0 78 1265 1033 0 103 11.64
3 0.1009 1421 1176 0 65 70 7 1291 1059 0 95 86 23 11.65
plagioclase 
feldspar 1 0.1005 1490 1245 0 51 1431 1199 0 61 11.68
2 0.1003 1391 1146 0 72 1484 1252 0 50 11.68
3 0.1003 1466 1221 0 56 59 11 1437 1205 0 59 57 6 11.68
sandstone 1 0.1001 1432 1187 0 63 1362 1130 0 77 11.63
2 0.1000 1422 1177 0 65 1435 1203 0 60 11.65
3 0.1001 1301 1056 0 95 74 18 1350 1118 0 80 72 11 11.65
limestone 1 0.1008 746 501 0 423 687 455 0 487 11.65
2 0.1000 1313 1068 0 92 1219 987 0 117 11.64
3 0.1006 1355 1110 0 81 199 194 1347 1115 0 80 228 225 11.73
shale 1 0.1007 629 384 0 613 500 268 0 966 6.52
2 0.1001 863 618 0 305 689 457 0 484 6.50
3 0.1006 596 351 0 689 535 203 588 356 0 678 710 243 6.52
sand 1 0.1004 992 747 0 218 713 481 0 450 11.63
2 0.1003 1527 1282 0 43 1392 1160 0 69 11.65
3 0.1009 1395 1150 0 71 111 94 1441 1209 0 59 193 223 11.65
NRVB 1 0.1002 1367 1122 0 78 1398 1166 0 68 12.11
2 0.1005 1310 1065 0 93 1307 1075 0 91 11.86
3 0.1006 1435 1190 0 62 78 15 1273 1041 0 100 86 17 11.93
PCM 1 0.1005 1197 952 0 128 1188 956 0 127 11.95
2 0.1003 1188 943 0 131 1151 919 0 140 11.76
3 0.1003 573 328 0 751 337 359 663 431 0 525 264 226 11.20
OPC 1 562 317 0 784 530 298 0 849 12.55
2 478 233 0 1139 500 268 0 966 12.59
3 507 262 0 991 971 178 458 226 0 1183 1000 170 12.60
Haemelite 1 0.1009 1099 854 0 165 1109 877 0 156 11.83
2 0.1005 1073 828 0 177 1096 864 0 162 11.61
3 0.1000 747 502 0 422 255 145 722 490 0 438 252 161 11.61
Montmorillonite 1 0.1003 1106 861 0 162 998 766 0 208 10.42
2 0.1003 478 233 0 1139 482 250 0 1050 6.68
3 0.1002 1110 865 0 161 487 564 817 585 0 334 531 454 10.26
goethite 1 0.1007 274 29 0 10559 257 25 0 12304 6.79
2 0.1007 284 39 0 7800 272 40 0 7615 6.79
3 0.1002 295 50 0 6040 8133 2278 236 4 0 77950 32623 39324 6.84
1805 1560 0 0 1795 1563 0 0 6.36
245 0 0 #DIV/0! 232 0 0 #DIV/0!  
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pH 12.5
solid trial number solid mass counts Ave. wall Rd(NF) ave Rd std dev
filtered 
counts corrected wall Rd(F) ave Rd std dev final pH
Milky Quartz 1 0.1002 1586 1337 0 418 538 282 0 517 6.51
2 0.1005 1731 1482 0 357 573 317 0 438 6.51
3 0.1004 257 8 0 103050 34608 59272 425 169 0 996 650 302 11.94
Bentonite 1 0.1000 4136 3887 0 13 1083 827 0 44 6.53
2 0.1002 313 64 0 12706 252 -4 0 -50750 11.1
3 0.1005 221 -28 0 -29700 -5660 21765 223 -33 0 -6327 -19011 27671 11.37
micro granite 1 0.1004 485 236 0 3300 455 199 0 816 6.48
2 0.1004 239 -10 0 -82800 297 41 0 4732 11.93
3 0.1003 250 1 0 825800 248767 501576 252 -4 0 -50750 -15067 30964 11.96
graphic granite 1 0.1000 1654 1405 0 388 468 212 0 754 6.52
2 0.1007 1382 1133 0 529 528 272 0 543 6.51
3 0.1006 1407 1158 0 513 477 77 510 254 0 596 631 109 6.52
townite basalt 1 0.1009 368 119 0 6741 326 70 0 2689 6.51
2 0.1007 352 103 0 7819 334 78 0 2392 6.53
3 0.1008 386 137 0 5829 6797 996 360 104 0 1744 2275 483 6.53
Illite 1 0.1000 347 98 0 8229 352 96 0 1906 6.41
2 0.1007 377 128 0 6253 375 119 0 1499 6.41
3 0.1000 225 -24 0 -34617 -6712 24187 255 -1 0 -202400 -66332 117839 11.85
Smectite 1 0.1004 236 -13 0 -63738 244 -12 0 -17050 11.95
2 0.1002 2511 2262 0 165 963 707 0 86 6.5
3 0.1004 1868 1619 0 310 -21088 36937 1096 840 0 41 -5641 9880 6.5
Rapakivi 1 0.1007 453 204 0 3849 458 202 0 801 6.56
2 0.1001 455 206 0 3810 432 176 0 949 6.86
3 0.1004 456 207 0 3790 3816 30 431 175 0 955 902 87 6.53
plagioclase 
feldspar 1 0.1003 1437 1188 0 495 527 271 0 546 6.51
2 0.1000 1486 1237 0 468 535 279 0 525 6.55
3 0.1003 1256 1007 0 620 528 81 489 233 0 668 580 77 6.55
sandstone 1 0.1001 457 208 0 3771 416 160 0 1064 6.5
2 0.1000 408 159 0 4995 370 114 0 1574 6.5
3 0.1001 917 668 0 1037 3268 2027 691 435 0 265 967 660 6.5
limestone 1 0.1001 415 166 0 4776 343 87 0 2124 7.41
2 0.1002 405 156 0 5095 328 72 0 2608 7.43
3 0.1005 389 140 0 5700 5190 469 337 81 0 2296 2343 245 7.45
shale 1 0.1003 349 100 0 8060 327 71 0 2648 6.55
2 0.1000 368 119 0 6741 310 54 0 3544 6.51
3 0.1003 350 101 0 7978 7593 739 314 58 0 3286 3160 462 6.51
sand 1 0.1008 4267 4018 0 6 866 610 0 131 6.52
2 0.1003 3868 3619 0 28 752 496 0 208 6.53
3 0.1004 3774 3525 0 34 23 15 802 546 0 170 170 38 6.53
NRVB 1 0.1006 417 168 0 4717 326 70 0 2689 7.59
2 0.1002 414 165 0 4806 366 110 0 1638 7.59
3 0.1007 372 123 0 6515 5346 1014 363 107 0 1690 2005 592 7.66
PCM 1 0.1002 334 85 0 9518 299 43 0 4502 6.67
2 0.1004 328 79 0 10256 324 68 0 2774 6.77
3 0.1002 313 64 0 12706 10827 1669 295 39 0 4985 4087 1163 6.77
OPC 1 0.1004 963 728 0 162 1006 741 0 137 12.72
2 0.1000 1045 810 0 125 939 674 0 170 12.71
3 0.1009 940 705 0 173 153 25 977 712 0 151 153 17 12.72
Haemelite 1 0.1005 275 26 0 31569 256 0 0 #DIV/0! 6.68
2 0.1005 433 184 0 4289 333 77 0 2426 6.71
3 0.1006 296 47 0 17374 17744 13644 314 58 0 3286 #DIV/0! #DIV/0! 6.69
Montmorillonite 1 0.1007 2052 1803 0 258 1669 1413 0 -57 6.48
2 0.1006 965 716 0 954 1063 807 0 51 6.45
3 0.1007 464 215 0 3642 1618 1787 519 263 0 569 187 335 6.45
goethite 1 0.1001 292 43 0 19009 284 28 0 7021 6.52
2 0.1005 279 30 0 27333 252 -4 0 -50750 6.83
3 0.1006 283 34 0 24094 23479 4196 263 7 0 28686 -5014 41063 6.82
4379 4130 0 0 1267 1011 0 0
249 0 0 #DIV/0! 256 0 0 #DIV/0!
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pH 13.3
solid trial number solid mass counts BKG
wall 
sorption Rd ave Rd std dev
filtered 
counts BKG
wall 
sorption Rd ave Rd std dev final pH
Milky Quartz 1 0.1000 1886 1632 0 5 1834 1578 0 4 13.11
2 0.1004 1814 1560 0 14 1850 1594 0 2 13.13
3 0.1003 1897 1643 0 4 8 6 1852 1596 0 1 2 1 13.14
Bentonite 1 0.1008 925 671 0 299 998 742 0 233 13.15
2 0.1001 774 520 0 443 838 582 0 352 13.15
3 0.1004 981 727 0 260 334 97 905 649 0 295 294 60 13.15
micro granite 1 0.1004 1188 934 0 158 1143 887 0 162 13.18
2 0.1006 1215 961 0 148 1148 892 0 160 13.18
3 0.1002 1194 940 0 156 154 5 1155 899 0 158 160 2 13.18
graphic granite 1 0.1006 1875 1621 0 6 1848 1592 0 2 13.16
2 0.1002 1822 1568 0 13 1673 1417 0 27 13.16
3 0.1003 1934 1680 0 -1 6 7 1796 1540 0 9 12 13 13.16
townite basalt 1 0.1006 1242 988 0 139 1113 857 0 175 13.15
2 0.1000 1256 1002 0 134 1136 880 0 165 13.15
3 0.1000 1254 1000 0 135 136 3 1196 940 0 142 161 17 13.15
Illite 1 0.1008 1129 875 0 182 1109 853 0 177 13.17
2 0.1004 1256 1002 0 134 1096 840 0 183 13.17
3 0.1000 1262 1008 0 132 149 29 1042 786 0 209 189 17 13.17
Smectite 1 0.1000 1464 1210 0 77 1254 998 0 122 13.16
2 0.1006 1486 1232 0 72 1278 1022 0 114 13.16
3 0.1009 1483 1229 0 72 73 3 1228 972 0 131 122 8 13.16
Rapakivi 1 0.1005 1464 1210 0 77 1429 1173 0 74 13.13
2 0.1008 1486 1232 0 72 1454 1198 0 68 13.13
3 0.1004 1483 1229 0 72 73 3 1367 1111 0 89 77 11 13.1
plagioclase 
feldspar 1 0.1000 1782 1528 0 19 1793 1537 0 9 13.09
2 0.1000 1754 1500 0 23 1711 1455 0 21 13.09
3 0.1000 1738 1484 0 25 23 3 1686 1430 0 25 18 8 13.09
sandstone 1 0.1006 1512 1258 0 66 1450 1194 0 69 13.08
2 0.1007 1563 1309 0 56 1478 1222 0 63 13.08
3 0.1007 1642 1388 0 41 54 13 1535 1279 0 51 61 9 13.07
limestone 1 0.1001 1342 1088 0 108 1180 924 0 148 13.08
2 0.1005 1395 1141 0 93 1272 1016 0 116 13.08
3 0.1000 1357 1103 0 103 101 7 1294 1038 0 110 125 20 13.08
shale 1 0.1004 774 520 0 443 752 496 0 448 13.04
2 0.1002 838 584 0 373 760 504 0 438 13.03
3 0.1004 833 579 0 378 398 39 786 530 0 406 431 22 13.04
sand 1 0.1004 1804 1550 0 16 1754 1498 0 15 13.04
2 0.1009 1839 1585 0 11 1802 1546 0 8 13.04
3 0.1001 1831 1577 0 12 13 3 1758 1502 0 14 12 4 13.04
NRVB 1 0.1002 636 382 0 676 838 582 0 352 13.03
2 0.1005 633 379 0 683 591 335 0 759 13.03
3 0.1008 613 359 0 732 697 31 642 386 0 633 581 208 13.03
PCM 1 0.1002 746 492 0 480 726 470 0 484 13
2 0.1003 774 520 0 443 738 482 0 467 12.98
3 0.1007 743 489 0 484 469 22 743 487 0 460 470 12 12.98
OPC 1 0.1000 770 535 0 292 830 565 0 242 13.3
2 0.1000 744 509 0 317 759 494 0 305 13.3
3 0.1002 782 547 0 281 297 18 732 467 0 334 294 47 13.3
Haemelite 1 0.1005 753 499 0 471 717 461 0 497 13
2 1.0006 767 513 0 452 744 488 0 459 13
3 0.1002 726 472 0 509 477 29 712 456 0 505 487 25 13
Montmorillonite 1 0.1008 1468 1214 0 76 1411 1155 0 78 12.95
2 0.1008 1546 1292 0 59 1417 1161 0 77 12.93
3 0.1001 1452 1198 0 79 71 11 1348 1092 0 94 83 10 12.92
goethite 1 0.1009 771 517 0 447 666 410 0 584 12.95
2 1.0002 731 477 0 501 748 492 0 453 12.95
3 0.1007 779 525 0 437 462 35 717 461 0 497 511 66 12.95
1927 1673 0 0 1863 1607 0 0
254 0 0 #DIV/0! 256 0 0 #DIV/0!
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Appendix 6 Publications 
A6.1 Paper published in the 1st Annual Workshop Proceedings, 7th 
EC FP - ReCOSY, Barcelona 10th – 12th Feb 2009 - The 
Complexation of Tc(IV) with Gluconic Acid at High pH 
N. Evans1, R. Hallam1, S. Aldridge1,P. Warwick1 and N. Bryan2 
1Department of Chemistry, Loughborough University, Loughborough, LE11 3TU 
2Centre for Radiochemistry Research, School of Chemistry, The University of 
Manchester, Oxford Road, Manchester, M13 9PL, UK 
A6.1.1 Abstract 
In the UK, a technetium containing floc may be disposed of in a high pH, low Eh 
cementitious repository, whereupon the floc would degrade by alkaline hydrolysis 
and/or radiolysis releasing the Tc into the porewater. Its chemistry would then be 
dominated by TcO4-, in aerobic waters and the sparingly soluble TcO2(s) in 
anaerobic. Repository heterogeneity could mean that both Tc(VII) and Tc(IV) are 
present simultaneously. If TcO4- migrates into reducing conditions, organic ligands in 
the waste may complex with Tc during reduction to form water-soluble complexes. 
Also possible, is increased Tc solubility when organic ligands react with TcO2(s). For 
gluconic acid the Tc aqueous concentration starting from TcO4- and reducing the 
mixture was higher than in systems with TcO2 as the starting point. This suggests 
that the pertechnetate was not reduced to TcO2, but an intermediate oxidation state 
complex was formed, e.g. Tc(V). The conditional stability constant for the Tc(IV)-
gluconic acid complex has been determined to be log β = 26.6 ± 0.2. 
A6.1.2 Introduction 
The currently preferred UK option for the management of intermediate-level 
radioactive waste (ILW) is to store it in a deep underground repository. This may 
then be backfilled with a cementitious material. Once closed, the repository will 
become saturated with groundwater, and highly alkaline porewater would develop 
with an initial pH of around 13.4. However, this will decrease to 12.5 as the 
groundwater flow dissolves, and removes, any NaOH and KOH present. The mineral 
phases in the cement will act as a buffer and maintain the pH at 12.5 for ca. 105 
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years. Corrosion of waste-containing steel canisters will lead to the gradual formation 
of reducing conditions. Thus, the behaviour of radionuclides likely to be in the waste 
must be understood in the context of this chemistry [1]. 
 
99Tc, a low energy β emitter, present in some nuclear waste streams as TcO4-, is an 
important species for performance assessment of any proposed repository, due to its 
high yield (6% of fission products) and long half-life (2.1 × 105 years). The aqueous 
chemistry of technetium is likely to be dominated by the highly mobile pertechnetate 
anion (TcO4-) in aerobic waters, and by Tc(IV), as TcO2 (am) solid, in anaerobic [2]. 
Under reducing conditions, TcO4- in non-complexing aqueous solutions initially 
undergoes a one-electron reduction to the unstable TcVIO42- species [3]. 
Subsequent 2- or 3-electron reductions to Tc(V) or Tc(IV) species then readily occur. 
However, the Tc(V) and Tc(VI) species are unstable and disproportionate into more 
stable Tc(IV) and Tc(VII) species. This leads to the formation of four significant 
technetium aqueous species (Fig. 1), although in a repository only TcO2(s) and TcO4- 
are likely to be present. 
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Figure 1. Predominance diagram for technetium 
 
The solubility of Tc(IV) in anaerobic conditions at high pH above amorphous TcO2(s), 
the phase most likely to be present in a repository, has been a matter of debate for 
some time. A recent study by Warwick et al [4] showed that, from pH 11 to 13.5, the 
aqueous Tc concentration appeared to be independent of pH. However, at pH values 
greater than 13.5, the aqueous concentration of technetium increased with 
increasing pH. This increase in solubility can be explained by the equilibrium in 
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equation 1. Log K for the species TcO(OH)3- was determined to be log K2 = -14.2 [5], 
but this anionic Tc(IV) species is only likely to be formed in significant quantities 
above the highest pH likely to be found in a cementitious repository, and hence 
should be of little interest to performance assessment. 
 
TcO2·nH2O ↔ TcO(OH)3- + H+ + (n-2)H2O (1) 
 
In the past in the UK, small amounts of technetium were discharged into the Irish 
Sea. It was originally thought to disperse widely, but was discovered to concentrate 
in seaweed [6]. Hence, treatment with tetraphenylphosphonium bromide (TPPB) is 
now used to precipitate out the technetium as TPPTc, to prevent more marine 
discharges. This leads to the possibility that the floc may be sent to a cementitious 
repository for disposal. However, TPPB degrades by alkaline hydrolysis at high pH. It 
is also prone to radiolytic degradation. 
 
Organic complexing agents will be present as inherent components of the waste, 
especially those like isosaccharinic acid (ISA), gluconic acid and similar 
polyhydroxylated carboxylic acids which will be formed by the anaerobic, alkaline 
degradation of cellulose. These are highly complexing and can cause significant 
increases in radionuclide solubility at high pH [1]. The repository will not be 
homogenous and there are likely to be areas of reducing and oxidising potential. 
This heterogeneity could mean that both Tc(VII) and Tc(IV) are present within the 
repository. If TcO4- migrates into an area in which reducing conditions exist, the 
organics may complex with technetium during reduction to form water-soluble 
complexes. This approach to complex formation, i.e. reduction in the presence of 
complexing ligands, is widely used to produce 99mTc radiopharmaceuticals. However, 
such investigations have been carried out at near-neutral pH and little has been 
reported on technetium complexation in the highly alkaline conditions to be expected 
in a cementitious repository.  
 
Also of relevance to technetium mobility, is the possibility of increased solubility 
when organics are in contact with reduced technetium (TcO2(s)). In other words, 
does the presence of organics affect the reduction of Tc(VII) to Tc(IV)? With these 
considerations in mind, studies were undertaken in which TcO4- was reduced 
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electrochemically, and by use of Sn(II) and Fe(II), in the presence and absence of 
gluconic acid, to determine whether there was an increase in technetium solubility 
when TcO2 was contacted with the organic ligands, TcO2 was prepared by the 
reduction of TcO4- and then contacted with anaerobic solutions of the ligands. 
A6.1.3 Experimental 
All experiments were conducted in a Unilab MBraun Nitrogen Glove Box with O2 
levels kept below 1 ppm. All solutions were boiled, N2 sparged and kept in the 
presence of iron filings to maintain reducing conditions. Solid sodium gluconate was 
added to NaOH(aq) at pH 13.3, to give concentrations between 0.4 and 0.001 mol 
dm-3. Ammonium pertechnetate was added and the pH and Eh measured. Reduction 
was achieved by 3 methods, the addition of 0.7 g of SnCl2 or FeCl2 and the solutions 
were left for 14 days, or electrochemically. The activity in solution was measured by 
liquid scintillation counting using Canberra Packard TRI-Carb 2750TR/LL, indicating 
an aqueous concentration of Tc(IV) of around 4 x 10-9 mol dm-3. 5 replicates were 
used. Control experiments without sodium gluconate showed that reducing 
conditions were maintained for the requite periods of time. Control experiments with 
gluconate showed that 14 days was sufficient for steady state to be established. To 
measure the stability constant for the reaction of Tc(IV) with gluconic acid, the 
solubility product approach was used, as discussed by Warwick et al [7].  
A6.1.4 Results and discussion 
The solubility product for the TcO2(am) phase formed in these experiments was 
determined to be log Ksp = -33.6 ± 0.32 [8]. 
A6.1.4.1 Complexation of Tc(IV) 
Fig. 2 shows the effect of increasing gluconic acid concentration on technetium(IV) 
solubility. The slope of close to unity indicates that the increase in solubility of Tc is 
being controlled by the formation of a 1:1 Tc(IV)-gluconate complex. This 
relationship allows the calculation of a conditional stability constant for this complex 
using the solubility product approach. 
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Figure 2. Effect of concentration of gluconic acid on aqueous technetium 
concentration above TcO2(am) at pH 13.3. 
 
The dissolution of TcO2 can be written as: 
 
TcO2.2H2O(am) ↔ TcO2+(aq) + 2OH-(aq) + H2O  (2) 
 
Therefore, the solubility product Ksp = [TcO2+][OH-]. In the absence of gluconate, 
dissolved Tc(IV) will consist of the TcO(OH)+ ion and its major hydrolysis products, 
equation 3. 
 
[Tc]solution = [TcO2+] + [TcO(OH)+] + [TcO(OH)2]0 + etc. (3) 
Or [Tc]solution = [TcO2+]A, where A = 1 + ∑βx[OH]x (the side reaction coefficient) [9], 
which is constant at a given pH. Addition of gluconic acid caused the following 
reaction to occur, equation 4. 
 
TcO2+ + Gly- ↔ TcOGl(2-y)+ (3) 
 
The concentration of dissolved Tc(IV) will be increased by the formation of the 
gluconate complex, equation 5: 
 
[Tc]solution = [TcO2+]A + [TcOGl(2-y)+] (4) 
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Following the derivation in [7], the conditional stability constant of the complex is 
given by: 
 
  

 
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The conditional stability constant was calculated using equation (8) and was 
determined to be; β = 4.0 ×1026 or log β = 26.6 ± 0.2. 
A6.1.4.2 Reduction of Tc(VII) in the presence of sodium gluconate. 
In the presence of gluconate a lowering of the aqueous technetium concentration 
took place upon reduction, showing that the ligand did not prevent reduction taking 
place. If this reduction was to Tc(IV), then the final aqueous concentration of 
technetium should be the same as that produced by the addition of the same ligands 
to Tc(IV) solution, i.e. the Tc(IV)-ligand complexes would again be formed, but by 
two different routes, assuming steady state had been obtained. However, the final Tc 
solubility in the system where reduction took place in the presence of gluconate was 
higher than when TcO2 was the starting point (Fig. 4). This indicates that Tc(VII) may 
not have been reduced to Tc(IV) but an intermediate oxidation state such as Tc(V) 
complex may have been formed. This idea is well known in the formation of 99mTc 
radiopharmaceuticals [10]. It is known that polyhydric complexes of Tc(V) can be 
formed by the reduction of pertechnetate in aqueous solution of the excess O-donor 
ligand [11], although in pharmaceuticals this is not carried out at high pH. Apart from 
a few cases, the complexes have not been structurally characterised, because of the 
difficulty of obtaining pure compounds in crystalline form. The Tc-glycolato complex 
[11] has been identified as [TcO(OCH2CH2O)2]-.  
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Figure 3. Comparison of final Tc concentrations in the presence gluconic acid at pH 
13.3, starting from TcO4- and Tc(IV). 
A6.1.5 Conclusions 
The presence of gluconic acid caused an increase in Tc(IV) solubility, indicating the 
formation of a Tc(IV)-Gluconate complex with a 1:1 stoichiometry. The conditional 
stability constant was calculated using equation (8) and was determined to be; log β 
= 26.6 ± 0.2. In the presence of gluconate a lowering of aqueous Tc concentration 
took place upon reduction. The aqueous Tc concentration in systems starting from 
Tc(VII) was higher than when TcO2 was the starting point, suggesting that Tc(VII) 
was not fully reduced to Tc(IV), but that an intermediate oxidation state complex may 
have been formed. These results indicate that a detailed understanding of the effect 
of organic ligands on the reduction of technetium will be required for performance 
assessment if technetium is to be disposed of in a cementitious repository. 
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A6.2 Paper accepted by Mineralogical Magazine for publication in 
Loughborough Conference Special Issue 2012/3 - The 
Complexation of Tc(IV) with EDTA and Picolinic Acid at High pH 
N. Evans and R. Hallam 
1Department of Chemistry, Loughborough University, Loughborough, LE11 3TU 
A6.2.1 Abstract 
In the UK, technetium may be disposed of in a high pH, low Eh cementitious 
repository. In such a scenario, its chemistry would be dominated by TcO4-, in aerobic 
waters and the sparingly soluble TcO2(s) in anaerobic ones. Repository 
heterogeneity could mean that both Tc(VII) and Tc(IV) are present simultaneously. 
The anthropogenic ligands EDTA and picolinic acid are frequently used as 
decontamination agents and will find their way into intermediate level waste (ILW). 
They could then complex with Tc(IV), raising its aqueous concentration, and hence 
increasing its mobility in the cement porewaters and beyond. The conditional stability 
constants (measured in 0.3 mol dm-3 NaOH) for the Tc(IV)-EDTA and Tc(IV)= 
picolinic acid complexes have been determined to be, βTc(IV)-EDTA = 1.6 x 1026 or log β 
= 26.2 ± 0.6, and βTc(IV)-PA = 8.65 x 1026 or log β = 26.9 ± 0.1, respectively. However, 
the overall effect of EDTA and picolinic acid on the solubility of technetium is quite 
low in such high pH environments. 
A6.2.2 Introduction 
The currently preferred UK option for the management of intermediate-level 
radioactive waste (ILW) is to store it in a deep underground repository. This may 
then be backfilled with a cementitious material. Once closed, the repository will 
become saturated with groundwater, and highly alkaline porewater would develop 
with an initial pH of around 13.4. However, this will decrease to 12.5 as the 
groundwater flow dissolves, and removes, any NaOH and KOH present. The mineral 
phases in the cement will act as a buffer and maintain the pH at 12.5 for ca. 105 
years, Arcos et al, (2003). Corrosion of waste-containing steel canisters will lead to 
the gradual formation of reducing conditions. Thus, the behaviour of radionuclides 
likely to be in the waste must be understood in the context of this chemistry (Warwick 
et al 2003). 
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99Tc is an important species for performance assessment of any proposed 
Geological Disposal Facility (GDF), due to its high yield and long half-life. The 
aqueous chemistry of technetium is likely to be dominated by the highly mobile 
pertechnetate anion (TcO4-) in aerobic waters, and by Tc(IV), as TcO2 (am) solid, in 
anaerobic, Cui et al (1996). The solubility of Tc(IV) in anoxic conditions at high pH in 
contact with TcO2(am), the phase most likely to be present in a GDF, is independent 
of pH from circum-neutral to pH 13.5, Warwick et al (2007). The species TcO(OH)3- 
is only likely to be formed in significant quantities above the highest pH likely to be 
found in a cementitious GDF, and hence is of little interest to performance 
assessment. 
 
In the past in the UK, small amounts of technetium were discharged into the Irish 
Sea. It was originally thought to disperse widely, but was discovered by Copplestone 
et al (2004) to concentrate in seaweed. Hence, treatment with 
tetraphenylphosphonium bromide (TPPB) is now used to precipitate out the 
technetium as TPPTc, to prevent more marine discharges. This leads to the 
possibility that the floc may be sent to a cementitious repository for disposal. 
However, Aldridge et al (2007) have shown that TPPB degrades by alkaline 
hydrolysis at high pH. It is also prone to radiolytic degradation (Horii et al (1982)). 
 
Organic complexing agents will be present as inherent components of the waste, 
especially those like EDTA and picolinic acid which are heavily used as 
decontamination agents. These are highly complexing and can cause significant 
increases in radionuclide solubility at high pH. The GDF will not be homogenous and 
there are likely to be areas of reducing and oxidising potential. Of relevance to 
technetium mobility is the possibility of increased solubility when such organics are in 
contact with reduced technetium (TcO2(s)). With these considerations in mind, 
studies were undertaken in which TcO4- was reduced electrochemically to determine 
whether there was an increase in technetium solubility when TcO2 was contacted 
with the organic ligands. It can be assumed that all ligands will have been washed 
out by the time the pH decreases to 12.5 (Illet et al (1998)). 
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In previous studies on complex formation between Tc and EDTA, Gorski and Koch 
(1969 and 1970) dissolved freshly prepared hydrous oxide of Tc(IV) in HClO4 and 
obtained an aqueous solution containing an unknown trace concentration of 
technetium(IV). In the pH range 1 to 2.5 they investigated the ionic mobility by 
electrophoresis, and they studied the formation of complexes in the presence of 
complexing ligands by cation exchange and by electrophoresis, as quoted in 
Hummel et al (2005). The results were interpreted by assuming the presence of 
TcO2+ at pH 1, reacting to TcO(OH)+ and TcO(OH)2(aq) at higher pH, and the 
concomitant formation of TcO(OH)EDTA3−. The authors quoted a value of log K = 
19.1 for the reaction shown below in acidic conditions: 
 
TcO(OH)+ + EDTA4- ↔ TcO(OH)EDTA3-. 
 
An important review of the biogeochemistry of technetium by Icenhower et al (2010) 
indicates that previous studies of organic complexation of Tc(IV) by ligands such as 
EDTA, had failed to detect any significant interaction. However, these studies differ 
from the current work in two crucial areas. Firstly, they were conducted in the natural 
environment and were, therefore, at around pH 7, and secondly they used much 
lower organic concentrations. 
A6.2.3 Experimental 
All experiments were conducted in a Unilab MBraun Nitrogen Glove Box with O2 
levels kept below 1 ppm. All solutions were boiled and N2 sparged. Solid sodium 
EDTA and sodium picolinate were added to carbonate-free NaOH(aq) (2 mol dm-3), 
to give concentrations between 0.3 and 0.01 mol dm-3 at pH 13.3, with sodium 
dithionite added as a holding reductant. Ammonium pertechnetate was added and 
reduction was achieved using a potential difference of 5 V across the solution for at 
least 12 hours, using a vitreous carbon cathode and a platinum wire anode and a 
Ministat Precision Potentiostat. The activity in solution was measured by liquid 
scintillation counting using a Canberra Packard TRI-Carb 2750TR/LL, indicating an 
aqueous concentration of Tc(IV) of around 4 x 10-9 mol dm-3. 1 cm3 of aqueous 
sample was mixed with 10 cm3 of Goldstar scintillant, light adjusted for at least 1 
hour, and counted to 2 sigma in a window of 15 - 400 keV. The limit of detection was 
shown to be 2 x 10-11 mol dm-3. Five replicates were used for each concentration. 
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Control experiments without ligands showed no increase in aqueous technetium 
concentration indicating that reducing conditions were maintained for the requisite 
periods of time. To measure the stability constants for the reaction of Tc(IV) with 
EDTA and picolinic acid, the solubility product approach was used, as discussed by 
Warwick et al (2004). The solids were aged for 14 days before ligand addition and 
the solutions left for at least 10 days to reach steady state, following the suggested 
procedure in Anderegg et al (1983). pH was measured using a high-pH solutions Orion 
720A glass electrode. The electrode was calibrated using Aldrich volumetric standard 
sodium hydroxide solutions. Experiments were performed at ambient laboratory 
temperature. 
A6.2.4 Results and discussion 
The solubility product for the TcO2(am) phase formed in these experiments was 
determined by Warwick et al (2004) to be log Ksp = -33.6 ± 0.32. 
 
Complexation of Tc(IV) 
Fig. 1 shows the effect of increasing concentration of EDTA on technetium(IV) 
solubility, the aqueous concentration of Tc(IV) rising from ~10-9 mol dm-3 to 10-7 mol 
dm-3, albeit at high EDTA concentrations. The slope of close to unity in the log-log 
plot (1.18) indicates that the increase in solubility of Tc is being controlled by the 
formation of a 1:1 Tc(IV)-EDTA complex. This relationship allows the calculation of a 
conditional stability constant for this complex using the solubility product approach 
described in Warwick et al (2004). The stability constants measured in this study are 
conditional ones. It was decided to format the equations in terms of the TcO2+ ion 
reacting with fully deprotonated EDTA to give the complex [TcOEDTA]2-. However, it 
is possible that hydroxide ligands are also involved but because all the experiments 
have been conducted at a single pH for the reasons stated above, it is impossible to 
tell whether hydroxide ions are also involved at pH 13.3.  
 
In the absence of ligands, dissolved Tc(IV) will consist of the TcO(OH)+ ion and its 
major hydrolysis products, equation 1. 
 
The dissolution of TcO2 can be written as: 
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TcO2.2H2O(am) ↔ TcO2+(aq) + 2OH-(aq) + H2O  (1) 
 
Therefore, the solubility product Ksp = [TcO2+][OH-]. In the absence of ligands, 
dissolved Tc(IV) will consist of the TcO2+ ion and its major hydrolysis products, 
equation 2. 
 
[Tc]solution = [TcO2+] + [TcO(OH)+] + [TcO(OH)2]0 + etc.  (2) 
 
Or [Tc]solution = [TcO2+]A, where A = 1 + ∑βx[OH]x (the side reaction coefficient, as 
described by Maes et al (1988), which is constant at a given pH. The value used in 
this calculation, based on the measured pH, was 1.02 x 1023 ± 4 x 1022. Addition of 
EDTA caused the following reaction to occur, equation 3. 
 
TcO2+ + EDTAy- ↔ TcOEDTA(2-y)+    (3) 
 
The concentration of dissolved Tc(IV) will be increased by the formation of a 
complex, equation 4: 
 
[Tc]solution = [TcO2+]A + [TcOEDTA(2-y)+]    (4) 
 
Following the derivation in Warwick et al (2004), the conditional stability constant of 
the complex is given by: 
   
                  
'
SP
solution -
' '
-SP SP
total solution- -
K[Tc]  - A
[OH ]β = 
K K[EDTA ]  - [Tc]  - A
[OH ] [OH ]
  (5) 
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Figure 1. Effect of concentration of EDTA on aqueous technetium concentration 
above TcO2(am) at pH 13.3. 
 
The conditional stability constant for the Tc(IV)-EDTA complex was calculated using 
equation (5), and was determined to be; βTc(IV)-EDTA = 1.6 x 1026 or log βTc(IV)-EDTA = 
26.2 ± 0.6 (1 s.d.). Reinoso Maset et al (2006) investigated the effect of EDTA and 
other organics on the speciation and solubility of Tc under reducing conditions at 
circumneutral pH, using EDTA concentrations of around 0.17 mM. Given these 
relatively much lower concentrations than used in this study, it is unsurprising that no 
significant Tc-EDTA interaction was observed in previous work. Were Gorski and 
Koch’s determined value of log K = 19.1 to be applicable in these systems then no 
increase in Tc concentration with increasing EDAT concentration would be found, 
hence, the authors feel confident that the value of log βTc(IV)-EDTA = 26.2 ± 0.6 better 
fits the chemistry involved. 
 
Fig. 2 shows the effect of increasing concentration of picolinic acid on technetium(IV) 
solubility, the aqueous concentration of Tc(IV) rising from ~10-9 mol dm-3 to 10-6 mol 
dm-3 at high picolinate concentrations. The slope of close to unity in the log-log plot 
(1.05) indicates that the increase in solubility of technetium is being controlled by the 
formation of a 1:1 Tc(IV)-PA complex. This relationship allows the calculation of a 
conditional stability constant for this complex using the solubility product approach. 
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The conditional stability constant for the Tc(IV)-picolinic acid complex was calculated 
using equation (5), and was determined to be, βTc(IV)-PA =8.65 x 1026, or log βTc(IV)-PA = 
26.9 ± 0.1. 
 
Figure 2. Effect of concentration of picolinic acid on aqueous technetium 
concentration above TcO2(am) at pH 13.3. 
A6.2.5 Conclusions 
The presence of EDTA and picolinic acid caused some increase in Tc(IV) solubility, 
indicating the formation of Tc(IV)-EDTA and Tc(IV)-PA complexes with 1:1 
stoichiometries. The conditional stability constants were calculated and determined 
to be; log β = 26.6 ± 0.2 and 26.9 ± 0.1 for EDTA and picolinate respectively. 
However, the overall effect of EDTA and picolinic acid on the solubility of technetium 
is quite low in such high pH environments. Whilst it is possible that such high 
concentrations of EDTA and picolinic acid (10-2 mol dm-3) could be found in some 
waste containers, the concentration of technetium was only increased from 10-8 to 
10-6 mol dm-3. This means, for example, that only 0.001 % of the picolinic acid was 
bound in complexes with Tc(IV) under these conditions. These results indicate that a 
detailed understanding of the effect of such organic ligands on Tc(IV) may be 
required for performance assessment if technetium is to be safely disposed of in a 
GDF, but that such ligands may not out-compete the hydroxide ion for technetium 
complexation and therefore, have no significant effect on technetium behaviour in 
cementitious environments. 
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A6.3 - Sorption of Tc(IV) to some geologic materials with 
reference to radioactive waste disposal 
Mineralogical Magazine, 2011, 75(4), 2439–2448,  
Hallam, R.J.; Evans, N.D.M.; Jain, S.L. 
Department of Chemistry, Loughborough University, Loughborough, LE11 3TU 
A6.3.1 Abstract 
99Tc is one of the most important isotopes likely to be disposed of in the proposed 
UK Geological Disposal Facility for higher-activity radioactive wastes, due to its long 
half-life, high fission yield and ability to migrate through the geosphere as the 
pertechnetate ion. However, much of the technetium is likely to be in the lower 
oxidation state of Tc(IV) due to the low Eh in the near field. Batch sorption 
experiments across the pH range have been performed on Tc(IV) using 95mTc as a 
spike in the presence of quartz, haematite, goethite, plagioclase feldspar, sand and 
shale. Tc(IV) solutions were used at trace concentrations to avoid precipitation as 
TcO2. Values for the partition coefficient (Rd) were found to range from 7 to 2 x 105 
cm3 g-1. Rd was heavily dependent on pH in all cases, with the highest values being 
found in the circumneutral area. These data will inform the performance assessment 
for the behaviour of technetium in the near-field of the UK’s planned higher-activity 
wastes GDF. Surface complexation modelling of the data has been performed. 
A6.3.2 Introduction 
The currently preferred UK option for the management of higher-activity radioactive 
wastes is to store/dispose of them in a deep underground Geological Disposal 
Facility (GDF). This may then be backfilled with the cementitious material Nirex 
Reference Backfill (NRVB). Once closed, the GDF will become saturated with 
groundwater, and highly alkaline porewater will develop with an initial pH of around 
13.3, which will decrease to 12.5 as groundwater flow dissolves and removes the 
sodium and potassium hydroxides present. The mineral phases in the cement will 
act as buffers and maintain the pH at 12.5 for ca. 105 years. Corrosion of waste-
containing steel canisters will lead to the gradual formation of reducing conditions. 
Thus, the behaviour of technetium in the wastes must be understood in the context 
of this chemistry.  
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The cementitious backfill and grouts within waste containers will chemically condition 
the cement porewater to provide a high pH under which the solubility of many 
radionuclides is low. The corrosion of the stainless steel waste containers will 
establish widespread reducing conditions at an Eh of about -450 mV (at pH 12.5 and 
25 ºC), controlled by the Fe(II)/Fe(III) couple (Baker et al). 
 
99Tc, a low energy β emitter (Emax = 0.29 MeV), present in some radioactive waste 
streams from the UK nuclear industry as the pertechnetate anion (TcO4-) is an 
important species for consideration in the performance assessment of any proposed 
GDF due to its high yield (6% of fission products) and long half-life (2.1 × 105 years). 
The aqueous chemistry of technetium is dominated by the highly mobile 
pertechnetate anion (TcO4-) in aerobic waters, and by Tc(IV) as TcO2(am) in the 
solid phase and TcO(OH)2(aq) in solution, in anaerobic waters (Cui and Eriksen). In 
the past, technetium was discharged to sea in the UK and was thought to disperse 
widely as it is carried from the Irish Sea by the Gulf Stream to the Arctic Ocean and 
the Barents Sea. En route, 99Tc accumulates in seaweed and lobsters (Copplestone 
et al) along the Norwegian coastline. It was therefore deemed preferable to remove 
technetium from waste waters prior to their marine discharge. 
 
During the reprocessing of Magnox fuel, the uranium fuel rods are dissolved in nitric 
acid. One of the waste streams containing 99Tc is an aqueous, acidic medium-active 
liquor, which is partially evaporated to produce a medium active concentrate (MAC) 
at Sellafield (Reed). Sodium hydroxide and a flocculating agent are added to the 
MAC to form an insoluble floc containing the main α-emitters. An ion exchange 
reagent is incorporated into the floc and removes additional species, mainly 
caesium. The floc is then dewatered prior to encapsulation in steel drums. It is at this 
stage that the Tc is removed, before the permeate is discharged to sea. The MAC 
floc is now treated with tetraphenylphosphonium bromide (TPPB) to precipitate out 
the technetium as TPPTcO4 (Aldridge et al). However, the TPPTcO4 complex will 
break down in the presence of cement (Aldridge et al) and the TcO4- will be re–
released into the porewaters. Therefore, the reduction of Tc(VII) to Tc(IV) will be 
crucial in restricting technetium escape to the far-field of the GDF. Whilst Tc(IV) is 
not particularly mobile in groundwaters, heterogeneity of the redox conditions in the 
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GDF is likely to lead to the escape of some technetium in the form of pertechnetate. 
As an anion it is virtually non-sorbing in the geosphere. As the groundwater in the 
host rock for the GDF is likely to be reducing, the sorption of Tc(IV) in the geosphere 
will be one of the parameters determining the overall rate of migration of 99Tc. 
Hence, the purpose of this research was to ascertain the sorption behaviour of 
reduced technetium in the presence of several geologic materials likely to be found 
in the vicinity of the UK’s GDF. The materials chosen were plagioclase feldspar 
(Norway), haematite (botryoidal kidney-ore (U.K./Morocco)), shale (Cumbria), 
goethite (Morocco), quartz (Norway) and purified sand (UK). 
A6.3.3 Experimental 
Ammonium pertechnetate (2 cm3) was placed in a three-necked round bottomed 
flask and made up to 200 cm3 with de-ionised water producing a pertechnetate 
concentration of 6.79 x 10-7 mol dm-3. Sodium hydroxide was then added to produce 
solutions of the required pH, with a target of producing final solutions form pH 3 to 
13.3. The solution was then purged for two hours with oxygen-free N2 to remove any 
dissolved oxygen and/or carbon dioxide from the solution. A vitreous carbon cathode 
and a platinum wire anode were then placed into the cell in a nitrogen glove box with 
O2 content less than 1 ppm. An electropotential (6 V) was then used to reduce the 
pertechnetate to Tc(IV). It was found that the complete reduction of technetium from 
Tc(VII) to Tc(IV) could be completed overnight. This allowed production of Tc(IV) 
aqueous solutions at a concentration ~1 x 10-9 mol dm-3. Solutions with Tc(IV) 
concentrations of 1 x 10-10 and 1 x 10-11 were also prepared, to ensure that 
precipitation of TcO2 did not occur in any of the experiments. At these concentrations 
99Tc does not have a high enough specific activity to be measured by liquid 
scintillation counting, so the solutions were spiked with 95mTc which had been 
prepared by the University of Wisconsin. 95mTc is a gamma emitter with a half-life of 
61 days, and with measurable gamma photon energies of 204.1 and 582.1 keV.  
 
The ground materials (0.1 g, <180 µm) were weighed into 20 cm3 polypropylene 
vials. The Tc(IV) solutions were added and left for at least 1 week to equilibrate on a 
flatbed stirrer in the N2 glove box. This was done in at least triplicate for each solid, 
at each pH. pH was measured at the end of the equilibration phase, to allow for the 
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buffering effects of the solid phases. After equilibration, a 5 cm3 sample of the 
supernatant was removed from the vials through a 0.22 µm syringe filter with 
approximately 2 cm3 being weighed into a gamma vial, and counted using a Cobra II 
Autogamma counter. The remaining solution was discarded to waste. No evidence of 
wall sorption or sorption to the filters was detected. 
 
For the surface area measurements, approximately 1 g of each cementitious 
material was dried at 60 oC under vacuum overnight. The solid was then weighed 
accurately to 4 decimal places. The BET surface area was then measured on a 
Micrometrics Gemini VI physisorption system (Kemp et al) at the British Geological 
Survey. Gemini software was used to obtain the BET surface areas. The surface 
areas were determined to be: sand = 0.5354 ± 0.0073 m²/g, quartz = 0.3915 ± 
0.0073 m²/g, shale = 8.9054 ± 0.0587 m²/g; plagioclase feldspar = 1.1568 ± 0.0137 
m²/g, goethite = 8.6146 ± 0.0389 m²/g and haematite = 1.1272 ± 0.0062 m²/g. The 
cation exchange capacities of each cementitious material were determined by 
titration using a Metrohm Titrando 857 with a Metrohm Dosino 800 dosing unit. 0.3 g 
of solid was used with 60 cm3 of de-ionised water (18 MΩ) to keep the solid solution 
ratio the same as in the sorption experiments, and allow the solution level to 
sufficiently cover the pH probe. The solution was stirred and 2 mol dm-3 HCl added 
drop-wise until the pH stabilised at roughly pH 2 - 3 (fully protonated). 0.1 mol dm-3 
NaOH(aq) was added at a rate of 0.1 cm3 min-1 until the pH had risen and stabilised 
above 11 - 12. The points of zero charge were determined to be: shale pH = 8.167; 
plagioclase feldspar pH = 7.118; quartz pH = 6.477; haematite pH = 7.869; goethite 
pH = 6.998; sand pH = 6.49. 
A6.3.4 Results and discussion 
The aqueous chemistry of Tc(IV) is dominated, in all but highly acidic solutions, by 
the species TcO(OH)2(aq) (Warwick et al) (figure 1). This species is capable of 
surface complexation reactions by exchange of one or two of the hydroxyl groups 
(Grambow et al). Hence, the sorption behaviour observed in this study has been 
modelled on the basis of mono- or bidentate surface complexes. The surface 
complexation modelling was performed using the geochemical speciation code 
JCHESS (Van der Lee). 
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Figure 1. The speciation of Tc(IV) as a function of pH, using the JCHESS code (Van der 
Lee). (Total Tc(IV) concentration 10-9 mol dm-3). Thermodynamic data used as in Warwick et 
al [10]. 
 
Sorption to haematite 
The partition coefficient (Rd) for the sorption of Tc(IV) to haematite followed a rising 
trend from 10 cm3 g-1 at pH 5 to a peak at pH 6.6 of 5.4 x 103 cm3 g-1, the sorption 
edge being found at pH 5.5. From the peak at pH 6.6 the degree of sorption 
decreased as a function of pH to a trough at around pH 11 to 12 (Rd ca. 250-300 cm3 
g-1), before rising again in the hyperalkaline region (> pH 12). The table 1 shows the 
full set of data. 
pH Rd (cm3 g-1) 
5.06 ± 0.32 10.5 ± 2
5.92 ± 0.09 2610 ± 272
6.58 ± 0.01 5418 ± 2384 
6.71 ± 0.00 3334 ± 932
10.1 ± 0.00 336 ± 10
11.11 ± 0.02 271 ± 2 
11.68 ± 0.11 253 ± 137
12.93 ± 0.01 341 ± 114
13.00 ± 0.00 482 ± 25 
13.11 ± 0.00 1197 ± 65
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Table 1. Partition coefficients, Rd, (cm3 g-1) for the sorption of Tc(IV) to haematite at ambient 
temperature in an O2 free atmosphere (<1 ppm). Initial Tc(IV) concentrations 10-9 to 10-11 
mol dm-3. S:L = (1:200). Uncertainties shown as ± 1 S.D. 
 
As can be seen from table 1, these data have a larger amount of scatter at the 
higher sorption values, which is where the supernatant concentrations measured are 
at their lowest. Nevertheless, the trend is still clear. The lack of data in the pH range 
of 7-10 was due to the buffering capability of the solid phase used in the 
experiments. This is a recurring theme throughout the sorption experiments 
conducted. The data from pH 3 to 12 have been modelled using the JChess 
speciation code and a monodentate binding approach, using the following surface 
complexation reaction equations. The designation HAEM-OH indicates the surface 
groups controlling the sorption to haematite in the pH region 5 to 12. 
 
HAEM-OH + H+ ↔ HAEM-OH2+       log K = 8.5 
HAEM-OH ↔ HAEM-O- + H+        log K = -7.0 
HAEM-OH + TcO2+ + H2O ↔ HAEM-OTcO(OH)- + 2H+    log K = 0.8 
 
The model is shown in figure 2. Describing the increase in sorption in the 
hyperalkaline region requires a different set of surface complexation equations, 
suggesting a change in binding site has occurred.  
 
Sorption onto haematite in the hyperalkaline range (pH = 12 - 13.3) was found to 
increase with pH with Rd values being typically in the range 300 to 1200 cm3 g-1. This 
indicates some degree of surface complexation of Tc(IV) species to haematite in the 
hyperalkaline region (Table I). Relating this to the speciation of Tc(IV) at high pH 
(figure 1), shows that this increase in sorption to the solid phases occurs at the same 
pH values at which the anionic TcO(OH)3-(aq) species begins to become more 
significant, and the neutral TcO(OH)2(aq) less so. The surmised ligand exchange 
reactions occurring to form the bidentate complex are a significant competitor to the 
two main aqueous species above pH 13. The modelling for the hyperalkaline area is 
discussed later. 
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Figure 2. The sorption of Tc(IV) as a function of pH for haematite at ambient temperature in 
an oxygen free atmosphere (<1 ppm). Initial Tc(IV) concentrations 10-9 to 10-11 mol dm-3. S:L 
= 1:200. Data uncertainties are shown as plus/minus one standard deviation. 
 
Sorption to goethite 
The data for the sorption of Tc(IV) to goethite followed a similar trend to haematite, 
i.e. with an increase in pH from mildly acidic to circumneutral pH the partition 
coefficient (Rd) rises from 85 cm3 g-1 at pH 6.7 to a peak Rd value of 2.15 x 105 cm3 
g-1 at pH 6.8. The peak value for goethite was found to be around 3 times higher 
than that for haematite, and there was again a slight rise in the degree of sorption in 
the hyperalkaline area. The sorption data obtained are shown in table 2. 
pH Rd (cm3 g-1)
5.71 ± 0.03 85 ± 40 
6.07 ± 0.12 546 ± 58
6.49 ± 0.03 1153 ± 260
6.60 ± 0.01 1250 ± 99 
 6.78 ± 0.03 6988 ± 4846
6.83 ± 0.01 21538 ± 10510
7.82 ± 0.02 3035 ± 124 
12.92 ± 0.00 607 ± 54
12.95 ± 0.00 462 ± 55
13.00 ± 0.00 981 ± 67 
 
Table 2. Partition coefficients, Rd, (cm3 g-1) for the sorption of Tc(IV) to goethite at ambient 
temperature in an O2 free atmosphere (<1 ppm). Initial Tc(IV) concentrations 10-9 to 10-11 
mol dm-3. S:L = (1:200). Uncertainties shown as ± 1 S.D. 
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The data were best described using a bidentate binding model, which is shown in 
figure 3, with the relevant equations shown below also. The fit of the model is not as 
good as for hematite, with the peak being predicted to occur at a slightly higher pH 
than was indicated by the data, but the maximum Rd value is predicted reasonably 
well. This suggests the binding mechanism to goethite is a little more complex than 
to haematite. The following equations were used in the surface complexation 
modelling process. 
 
GOET-OH + H+ ↔ GOET-OH2+     log K = 9.0 
GOET-OH ↔ GOET-O- + H+       log K = -6.2 
2GOET-OH + TcO2+ + H2O ↔ (GOET-O)2TcO(OH)- + 3H+  log K = 8.93 
 
 
 
 
Figure 3. The sorption of Tc(IV) as a function of pH for goethite at ambient temperature in an 
oxygen free atmosphere (<1 ppm). Initial Tc(IV) concentrations 10-9 to 10-11 mol dm-3. S:L = 
1:200. Data uncertainties are shown as plus/minus one standard deviation. 
 
At lower pH values (3.6 to 9) similar behaviour is seen to that observed by Grambow 
et al, who studied the sorption of Tc(IV) to bentonite from pH 3.5 to 9.5. This 
behaviour manifests itself in a sorption edge from pH 6-7, with maximum sorption 
occurring in the region around neutral pH.  
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The maximum values measured by Grambow et al for sorption of Tc(IV) to bentonite 
were around 105 cm3 g-1, but the majority of values were ca. 104 cm3 g-1. Hence, it 
can be seen that sorption to these particular materials is not quite as strong as to a 
clay, but the values are not too dissimilar; which lends credence to the view that the 
binding mechanism is similar. 
 
Sorption to goethite in the hyperalkaline range (pH = 12 - 13.3) was found to 
increase with pH with Rd values being typically in the range 400 to 900 cm3 g-1, 
although there was not such a clear trend as with haematite. This again indicates 
some degree of surface complexation of Tc(IV) species in the hyperalkaline region. 
This is modelled in a later section of this paper. 
 
Sorption to plagioclase feldspar 
The sorption of Tc(IV) to plagioclase feldspar, even at its maximum is considerably 
less significant than to the two iron minerals considered above. The maximum Rd 
value being 1375 cm3 g-1 compared to that of goethite which is more than an order of 
magnitude higher. It was also observed that the highest Rd measured occurred at the 
slightly higher pH of 7.17. Table 3 shows the full results. There was no observed 
increase in sorption in the hyperalkaline area, suggesting that the surface sites to 
which the Tc(IV) was binding were not changing significantly with pH, and that the 
aqueous speciation of Tc(IV) was the controlling parameter at high pH. It has not 
been possible to analyse the exact phases to which the Tc(IV) is sorbing, but it has 
been possible to model its behaviour using a bidentate surface complexation 
constants. The relevant surface complexation reactions are shown below. The 
designation PF-OH indicates the surface groups controlling the sorption to 
plagioclase feldspar. 
 
pH Rd (cm3 g-1)
3.37 ± 0.06 4.3 ± 1.6
5.20 ± 0.00 44 ± 11
6.31 ± 0.01 808 ± 117
7.17 ± 0.09 1375 ± 267
11.68 ± 0.00 59 ± 9
11.76 ± 0.00 54 ± 5
12.90 ± 0.04 88 ± 26
13.09 ± 0.00 23 ± 3
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13.13 ± 0.00 34 ± 19
 
Table 3. Partition coefficients, Rd, (cm3 g-1) for the sorption of Tc(IV) to Feldspar at ambient 
temperature in an O2 free atmosphere (<1 ppm). Initial Tc(IV) concentrations 10-9 to 10-11 
mol dm-3. S:L = (1:200). Uncertainties shown as ± 1 S.D. 
 
When modelling the data the following equations were used to describe the data 
best: 
 
PF-OH + H+ ↔ PF-OH2+      log K = 6.5 
PF-OH ↔ PF-O- + H+       log K = -6.5 
2PF-OH + TcO2+ + H2O ↔ (PF-O)2TcO(OH)- + 3H+   log K = 1.9 
 
The bidentate binding model provides a good correlation to the experimental data, as 
can be seen in the figure 4. 
 
 
 
Figure 4. The sorption of Tc(IV) as a function of pH for plagioclase feldspar at ambient 
temperature in an oxygen free atmosphere (<1 ppm). Initial Tc(IV) concentrations 10-9 to 10-
11 mol dm-3. S:L = 1:200. Data uncertainties are shown as plus/minus one standard deviation. 
 
Sorption to quartz 
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Sorption to quartz was found to increase as pH increased from the acidic region to a 
maximum Rd of 1227 cm3 g-1 at pH 8.71 before decreasing again, with a sorption 
edge at pH 5.5. There was, as with plagioclase feldspar, no observed increase in 
sorption in the hyperalkaline area. The data are shown in table 4. 
 
pH Rd (cm3 g-1) 
3.42 ± 0.06 7.3 ± 3.4
5.10 ± 0.04 48 ± 33
6.51 ± 0.00 388 ± 43 
6.75 ± 0.04 1136 ± 73
8.71 ± 0.00 1227 ± 12
11.34 ± 0.00 110 ± 8 
11.64 ± 0.01 66 ± 28
11.845 ± 0.02 20 ± 6
12.97 ± 0.01 39 ± 8 
13.14 ± 0.02 11.7 ± 9
 
Table 4. Partition coefficients, Rd, (cm3 g-1) for the sorption of Tc(IV) to quartz at ambient 
temperature in an oxygen free atmosphere (<1 ppm). Initial Tc(IV) concentrations 10-9 to 10-
11 mol dm-3. S:L = (1:200). Uncertainties shown as ± 1 S.D. 
 
It has been possible to describe the sorption of Tc(IV) in the pH range measured (3.4 
– 13.14) using the proposed monodentate binding complexation reactions shown 
below. The designation Q-OH indicates the surface groups controlling the sorption to 
quartz (figure 5). 
 
Q-OH + H+ ↔ MQ-OH2+      log K = 16.5 
Q-OH ↔ MQ-O- + H+       log K = -5.5 
Q-OH + TcO2+ + H2O ↔ MQ-OTcO(OH)- + 2H+   log K = 1.44 
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Figure 5. The sorption of Tc(IV) as a function of pH for milky quartz at ambient temperature 
in an oxygen free atmosphere (<1 ppm). Initial Tc(IV) concentrations 10-9 to 10-11 mol dm-3. 
S:L = 1:200. Uncertainties shown as ± 1 S.D. 
 
In general bidentate binding models produce a sharp peak for sorption, but 
monodentate ones a broader, flatter profile. Of all the pure minerals studied here, the 
experimental data for quartz shows the greatest similarity to a monodentate model. 
This accurately describes the Rd values for all pH values studied, except those in the 
11-12 region, where the model predicts the decrease in sorption with pH to occur 
around pH 12 rather than 11. It has not been possible to get model and data to agree 
in this region. 
 
Sorption to sand 
When sorption of Tc(IV) to sand was studied it was found that Rd value were found 
to be some lowest recorded in these experiments. The highest Rd of this set of 
experiments was found to be 111 cm3 g-1 at a pH of 11.6. This is both an order of 
magnitude lower than that of plagioclase feldspar with the Rd peak occurring a higher 
pH value, much further into the alkaline region than previously observed. The 
measured Rd values can be seen in table 5. 
pH Rd (cm3 g-1)
 3.59 ± 0.23 21 ± 24
5.16 ± 0.01 11 ± 1
6.40 ± 0.00 53 ± 12
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6.53 ± 0.01 23 ± 15
11.64 ± 0.01 111 ± 94
12.93 ± 0.00 43 ± 24
13.04 ± 0.00 13 ± 2.5
13.11 ± 0.01 17 ± 13
 
Table 5. Partition coefficients, Rd, (cm3 g-1) for the sorption of Tc(IV) to sand at 
ambient temperature in an oxygen free atmosphere (<1 ppm). Initial Tc(IV) 
concentrations 10-9 to 10-11 mol dm-3. S:L = (1:200). Uncertainties shown as ± 1 S.D. 
When modelling these data, it was found that the model requires a combination of 
both mono- and bi-dentate binding functions to best describe the experimental data. 
As can be seen from figure 6 the monodentate binding function dominates in the pH 
range of 2 - 10 showing the characteristic broad flat peak, before the bidentate 
binding model best describes the data in the pH 12 region of the model. There was 
no observed rise in sorption above pH 12.5. The designation S-OH indicates the 
surface groups controlling the sorption to sand (figure 6). 
 
The following equations were used for the surface complexation modelling of the 
sorption of Tc(IV) to sand. 
 
S-OH ↔ S-O- + H+       log K = -11.6 
2S-OH + TcO2+ + 2H2O ↔ (S-O)2TcO(OH) + 3H+  log K = -13.18 
S-OH + TcO2+ + H2O ↔ S-OTcO(OH)- + 2H+   log K = -5.7 
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Figure 6. The sorption of Tc(IV) as a function of pH for sand at ambient temperature in an 
oxygen free atmosphere (<1 ppm). Initial Tc(IV) concentrations 10-9 to 10-11 mol dm-3. S:L = 
1:200. Data uncertainties are shown as plus/minus one standard deviation. 
 
Grambow et al also found the same pattern of a monodentate complex being 
predominant in the lower part of this range, with the bidentate one best describing 
sorption at neutral and higher pH values. Unfortunately, there is no comparison 
available in the literature, known to the authors, for the hyperalkaline region. 
 
Sorption to shale 
Sorption of Tc(IV) to shale peaked at an Rd value of 4236 cm3 g-1 at pH 7.14. The full 
data plot combined with the model can be seen below. Again a slight rise in sorption 
was found in the hyperalkaline region. 
 
pH Rd (cm3 g-1)
4.90 ± 0.05 37 ± 0.6 
5.53 ± 0.03 108 ± 28
5.6 ± 0.01 1552 ± 387
6.44 ± 0.02 2501 ± 3149 
6.51 ± 0.02 3681 ± 3433
7.14 ± 0.02 4236 ± 583
12.93 ± 0.00 385 ± 38 
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13.04 ± 0.01 398 ± 39 
13.10 ± 0.01 712 ± 32
 
Table 12. Partition coefficients, Rd, (cm3 g-1) for the sorption of Tc(IV) to shale at ambient 
temperature in an oxygen free atmosphere (<1 ppm). Initial Tc(IV) concentrations 10-9 to 10-
11 mol dm-3. S:L = (1:200). Uncertainties shown as ± 1 S.D. 
 
 
 
Figure 13. The sorption of Tc(IV) as a function of pH for shale at ambient 
temperature in an oxygen free atmosphere (<1 ppm). Initial Tc(IV) concentrations 10-
9 to 10-11 mol dm-3. S:L = 1:200. Data uncertainties are shown as plus/minus one 
standard deviation. 
 
As can be seen above, when using mono- and bi-dentate surface complexation 
reactions the model produced is very close to the measured data. The equations 
used in the model are shown below. The designation SH-OH indicates the surface 
groups controlling the sorption to shale (figure xx). 
 
SH-OH + H+ ↔ SH-OH2+      log K = 4.5 
SH-OH ↔ SH-O- + H+       log K = -7.1 
2SH-OH + TcO2+ + 2H2O ↔ (SH-O)2TcO(OH) + 3H+  log K = 1.56 
SH-OH + TcO2+ + H2O ↔ SH-OTcO(OH)- + 2H+   log K = -5.2 
 
Hyperalkaline region 
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Three materials, haematite, goethite and shale, showed a rise in sorption in the 
hyperalkaline region. This suggests a change in surface group controlling the binding 
of Tc()IV) to these materials once the pH rises above 12.5. 
 
S-OH + H+ ↔ S-OH2+      log K = 4.5  
S-OH ↔ S-O- + H+      log K = -13.0 
2S-OH + TcO2+ + H2O ↔ S-TcO(OH)- + 3H+   log K = -9.88 
 
It proved possible to model the sorption of Tc(IV) to OPC in the hyperalkaline region 
using a bidentate binding model, for the surface complexation reactions occurring. 
These are described in the equations above. The model provides a good fit for both 
the maximum Rd values measured and also the trend of increasing complexation 
with pH towards 13.3. The model is shown in figure 2, along with the data and 
models for NRVB and PCM grout which are included for comparison purposes. Error 
bars have been left out of this figure for clarity. Indications of the spread of data can 
be seen in tables I to III). 
A6.3.5 Conclusions 
The sorption of Tc(IV) to six geological materials has been measured. The values for 
the partition coefficient (Rd) were found to range from 10 to 2 x 105 cm3 g-1. It was 
noticeable that Rd was heavily dependent on pH in all cases, with maximum sorption 
occurring in the near-neutral pH range, and for three of the materials, an increase in 
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degree of sorption above pH 13. In general, modelling using monodentate and/or 
bidentate surface complexation constants gave reasonable agreement between 
models and data. These data will inform the performance assessment for the 
behaviour of technetium in the near-field of the UK’s planned higher-activity wastes 
GDF. 
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Abstract 7: Training Record 
 
Activity 
Skills 
addressed 
(see skills 
matrix  
for code) 
Time 
claimed 
in days 
Date 
 completed 
ACTINIDE MATERIALS SCIENCE A 
Joint Meeting of the Radiochemistry and 
Process Technology Groups 
A6, B1 1 21/11/07 
Visit to the British Library. C3 1 1/08/07 
Managing Projects for Postgraduates and 
Research Assistants A1-A6 0.5 1/10/2007 
Writing up your PhD Thesis A1-A6 0.5 5/10/2007 
Postgraduate Research Students 
Induction B2-B5 1 9/10/2007 
Reading for Research E4 0.5 15/10/2007 
Getting Articles Published for 
Postgraduates and Research Assistants E1, E2, E4 0.5 15/01/2008 
Nexia Solutions - Environmental Process 
Symposia Sheffield A6, B1 1 7/02/2008 
COGER Conference attendance A6, B1 3 7-9/04/2007 
Plagiarism, citation and managing your 
references A4,A5, A6 0.5 23/05/2008 
Weekly Radiochemistry group meetings 
Chaired by Prof. Peter Warwick B2, A6 2 
Throughout all 4 
years 
COGER Conference, Nottingham A6, B1 3 7 – 9 April 2008 
7th International conference on Nuclear 
and Radiochemistry A6, B1 5 24-29/08/ 2008 
RSC-Radiochemistry Group 
Production, use and disposal of 
radioisotopes in nuclear medicine 
A6, B1 1 11-11-2008 
NDA RWMD R&D Strategy Workshop A1-A6 2 11-2008 
Co-ordinating Group on Environmental 
Radioactivity in the United Kingdom-
COGER, Liverpool 
B2-B5 3 04/2009 
Analytical research forum 
Kent-UK B2-B5 3 13-15/07/2009 
42 IUPAC congress 
Glasgow-Scotland B2-B5 5 2-7/08/2009 
RSC radiochemistry group 
Radioactivity and law-London B2-B5 1 6/10/2009 
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2nd Annual Workshop of the ReCOSY 
Project EURATOM, EC FP7, 
Collaborative Project, Larnaca, Cyprus 
A6, B1 4 16 - 19 March 2010 
16th Radiochemical conference-
Marianske Lazne - Czech Republic A6, B1 5 18-23/04/2010 
RSC Young Researchers Competition, 
Burlington House, London A6, B1 1 14/04/2010 
COGER Lancaster A6, B1 3 28-31/03/2010 
 
